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_i__ FOREWORD

Corporation to the Goddard Space Flight Center of the National Aeronautics and

Space Administration and consists of the seven volumes listed below. • ne periodof the contract work was February through May, 1963.

_ The sub-titles of the seven volumes of this report are:
i 1 Summary and Conclusions

j 2 Configurations and Systems

:_ 3 Meteorological Sensors

.._ 4 Attitude and Station Control

| _ Communications,Power Supply,and Thermal Control

6 System Synthesis and Evaluation

_ 7 Classified Supplement on Sensors and Control

i Except for Volume 7, all of these are unclassified. Voium8 7 contains onlythat information on specific subsystems which had to be separated from the other
materiat because of its present security classification. Some of these items may
later be cleared for use in unclassified systems.

I Volumes 3_4,-and5 presentdetailedsurveysand analysesof subsystems ,
and relatedtechnicalproblemsas indicatedby theirtitles.

I In Volume 2, several combinations of subsystems are reviewed as complete
spacecraft systems, including required structure and integrat_.on. These com-
binations were selected primarily as examples of sysWms feasible within different

mass limits, and are associated wi_h the boosters to be available.

Volume 6 outlines _u_thods and procedures for synthesizing and evaluating

system combinations which are in addition to those presented in Volume 2.

volume i presents an overall su_arnary and the principal oonoluaions of the

_ study. .,
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SECTION I - INTRODUCTION AND SUMMARY

-
The Synchronous Meteorological Satellite (SMff) _iI1 provide the means for con-

tinuous observation of the manifestations of the Earth's weather from a fixed vantagepoint. The need for such a surveillance satellite has long been recognized. The data
that a synchronous weather satellite will be capable of providing will not only fill the
voids left by low altitude weather sate}lites and ground stations, but will in addition pro-

i vide meteorologists with a powerful new tool for the location, identification, tracking,and ana}ysis of weather phenomena.

I As outlinedintheNASA work statement,theprimary functionofthemeteoro-logicalsensorsisto provide24-hoursurveillanceoftheEarth'scloudcover,and
_ measurements of the Earth's heat budget, during a satellite lifetime objective of one

I year. Accomplishment of 24-hour surveillance requires an investigation of the pro-blems associated with narrow-field imaging over extreme variations in illumination,
ranging from the darkest night with no Moon, to high noon. Wide-field sensors must
be capable of operating under conditions where the Earth view encompasses sunrise

I or stmset on one edge and a moonless night on the other. Additionally, detailed in-formation is required on the variation of solar and terrestrial radiation intensity!

within the field of view' of the spacecraft as a function of the time of day.J
i

i I Subsidiary studies which affect the meteorological sensors must include a state
.i of the art survey of applicable sensor tubes together with an understanding of oper-
i m ationaladvantagesand limitations.Further,themeteorologicalsensorsare the

_ critical payload of the satellite, and sensor resolution represents the basic para_ ,
_ meter against which all other trade-offs are made. Comparative data must be de-

veloped to show the interrelationship between meteorological sensor parameters,

1 and the interfaces between the sensor and other spacecraft
system systems.

Tbe meteorological sensor study contained in this volume of the SMS Final

_i'! Report sets forth the essential cmisiderations and requirements for the cloud cover• and heat budget sensory systems in compliance with the NASA work statement and
_, satellite objectives. The succeeding sections of this voldme are briefly described

in the following paragraphs.

-4 Section 2 "Energy Considerations," dtv,_lops a model from Which estimates
; can be made of the radiation incident on the meteorological sensors for both cloud

I cover imagingand heatbudgetmeasurement. The sectionisdividedintotwo parts.:" The-first trer, ts the problem of estimating and predicting radiation incident on the _
4 sensor. The various constituents of the visible spectrum relating to cloud imagin_

_ i_lumlnation are identified and subsequently analyzed. A series of graphs and tables

_ are employed to establish illumination levels at the sensor as a function of time of
4 day and the obJect's geographical position. For the heat budget measurements, simi-

_ Iar data is developed in the second part of the section, enabling estimates of solar
:i_ and terrestrialinfraredradiatidnincidenton thesensorstobe made.

.:_ _ectio_3, "CloudCover Sensors-VisibleSpectralRegion,"considerscloud

imagingsensorrequirementsand thenproceedstoa comprehensivesurveyand-' analysis. Compara_ive data on Various photosurfaces, photoemissive tubes, and
photoconductive tubes, as well as hybrid and special types, are included. Theoreitcal

performance characteriat_c_, of idealized tubes are discussed and performance data

1964007783-018



. ? •

on sensor tube types pertinent to the SMS program are pre_ented. Optical consider-
ations are included, covering the relationships between lenses, _oca_ length_ area
coverage and ground reselution, and the relationshipsbetween these factors and sensor
capabilities. Special techniques for hnprovement of dynamic range, operational re-
lJabili_,, and system optimization are discussed in a separate subsection. Finally,
systems are synthesized as representative of pes_ible actual cotffigurations for min-
imum, and medium capability satellites, based on the working tables, charts and
graphs prepared.

Section 4, "Heat Budget Measurement, "describes sensor parameters and po-
tential ecpdpment designed to perform this function in the various satellite configurations.
The techniques of V.E. Suomi are discussed; with some modifications, these methods
are utilized for low and medium resolution measurements. Where hi_,h angular re-
solution coupled with reasonable thermal sensitivity is required, the use of optical,
rather than geometrical systems is dictated. Such a system, suitable for use in sat-
ellites which provides stabilization in three axes is described. With modification,
this system could also be used in a spin-stabilized vehicle.

Section 5_ "Cloud Cover ,_ensors - Infrared, t, considers the use of Infrared
techniques for performing the s_ame general cloud cover mission descr_+bed previously.
The section discusses some of the characteristics and requirements of point detectors

and infrared image tubes that are pertinent to their application in cloud cover imagingsystems. An analysis of a typical mechanically scanned system utilizing a quar_am

detector is also presented. Due to security restrictions, some d_ta on infrared sen-sor performance lind to be included _n Volume 7, which is classified, of this report.
L

i Section 6, "Problem Areas," acknowledges the need for recognizing real and

i potential problem areas winch could impede the successful implementation of themeteorological sensor system. As a result of var'ous studies conducted during the

course of the program, a number of specific problem areas have been identified;
these are discussed in this section, with recommendations foi'_feasible solutions,
where possible.

t
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SECTION 2 - ENERGY CONSIDERATIONS

A. SOLAR RADIATION CONSIDERATIONS

_ _[_ The SMS will be capable of providing day and night cloud cover information
i _ and data on the Earth's heat budget. The radiations involved in these observations arc:
2

't "_ (1) Reflected solar radiation from the Earth's surface
.!I_ (2) Reflected solar radiation from the atmosphere (clouds)

(3) Solar radiation scattered by the atmosphere toward space

'_ (4) Reflected moonlight and starlight (during nighttime observations)

(5) Thermal radiation from the Earth

(6) Thermal radiation from the atmosphere
(7) Airglow (nightglow, twilight glow, etc.)

Up to the present time, considerably more has on
work been done solar and

terrestrial radiation than on airglow and nighttime illumination. It is the intent
: of this report to develop a model from which estLmates may be made of the rad-

i iation incident on the SMS as a function of the following parameters:

i (I) Surface from which the radiation emanates (geographical position,
_ altitude, reflective c"haracteristies, temperature, etc.).

i _ (2) Surface-Sun relationship (solar altitude). This may be related
i to the time of day, by considering geographic position and season.

:_ I. Solar Radiation

_ Normally, solar radiation returned to space by reflection from the atmos-

:i _ phere, the Earth, and by atmospheric scattering mechanisms is grouped under a
'f general headkng of albedo radiation. The often quoted figure of about 0.35 for the

Earth's ivflectivity (albedo) includes these effects and means that approximately

35% of the incident solar radiation is returned to space. The magnitude of thisradiation is dependent upon the incident solar radiation (insolation_ and the albedo
values of Earth and atmosphere. For purposes of the present analysis, exact

values for insolation and albedo will be used together with a given set of surface-Sun parameters to obtain the radiation i.ncldent, on the SMS.

2. Solar Constant

The solar constant refers t_ the rate at _hich solar radiation is received

on a unit area surface noImal to the _un's direction, ou_si_e the Earth's atmosphere,at the Earth's mean dist_mce from the Sun. Since 194.0, various values have been
pubDshed for the solar constant. These values tend to differ due to corrections for

the ultraviolet and infrared spectral regions which are measured with difficulty, andchanges in the absolute calibration factors of _e L_struments use_ in the measure-
ments. Table 2-1 presents a selection of published solar constant values. ]

s.

I 2-1
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TABLE 2-1
_, SE LE CTED CHRONOLOGICAL SOLAR CONSTANT VALUES

(Howard, 1961)

Author Date Solar Constant Value

c_l/cm2min watts/m 2

Moon 1940 1.896 1322

Allen 1950 1.97 _: 0.01 1374

Smithsonian 1952 1. 946 1357

_ Johnson 1954 2.00 _- 0.04 1396

Stair 1956 2.05 1430

3. Optical Air MassOptical air mass (m) is the ratio of the path length of radiation through

I the atmosphere at any given angle to the path length toward the zenith. If the angle

referred to is measured from the zenith, the air mass will be approximately equal
to the secant for azigles up t_) 62 °. Table 2-2 presents values of the air mass as a
function of the solar altitude above the horizon, rather than the distance from zenith,

_, since solar altitude has _een used in the calculations.

TABLE 2-2
OPTICAL AIR MASS FOR VARIOUS SOLAR ALTITUDES

(Howard, I_61)

_ S: __r
Al _itude

degrees 0 1 2 3 4 5 6 7 8 9

ii - 15.36 12.44 10.39 8.90 7,77 6.88 6.180 26.96 19.79

_ 10 5.60 5.12 4.72 4.37 4.07 3.82 3.59 3.39 3.21 3.05

_'_' 20 2.90 2.77 2.65 2.55 2.45 2.36 2.27 2.19 2.12 2,06

30 2.00 1.94 1.88 1.83 1.78 1.74 1.70 1.66 1.62 1.59

_i 40 1,55 1.52 1.49 1.46 1.44 1.41 1.39 1.37 1.34 1.32

_#_ 50 1.30 1.28 1.27 1.25 1.23 1.22 1.20 1.19 1.18 1.17

1

60 1.15 1.14 1.13 1.12 1.11 1.10 1.09 1.09 1.08 1.07

70 1.06 .... i.04 ....

80 i.02 .... I.01 ....

i 90 i.00 .........

(For a solar attitudeof 44°, the opticalair mass = I.44.)

:I
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4. Solar Ir_-adlance

P. Moon (1940) derived a spectral distribution curve and, using the solar
constant shown in Table 2-L, arrIved as spectral irradiance values corresponding to

air mass = 0, He then calculated the atmospheric attenuation and obtained irradiancevalues for several spectral bandwidths and air mass values. Table 2-3 presents this
data corrected by a factor of 1.026 to account for the increase in the determined values
of the so_ar constant (1.95/I. 90). The -_2oulated values also apply to a _clar constant

of 2.00 cal/cm 2 rain. since the added 0.05 cal/cm 2 min. is the the
wavelength regions

below 0.29 micron and above 2.4 microns.

Moon's calculated data have been compared with observational data fromMiami, Florida, and the ratio of calculated to observed data was found to vary be-
tween 83 and 103%, indicating good experhnental correlation.

5. Atmospheric Attenuation

Attenuation in the atmosphere includes both absorption and scattering

mechanisms which are functions of altitude, absorption and scattering mediA, andwavelength of the incident radiation. For the present application, a reasonable
way of approaching the problem is to consider attenuation in a homogeneous atmosphere,

combining all the above mechanisms into a single exponential attenuation formula:
-ax

E=E 0 e
@
_ where E = radiation intensity after passage through the

attenuating medium

E0 = radiation intensity entering attenuating mediuma = attenuation factor of medium (1/length)
x = distance radiation travels in medium (length)

'fABLE 2-3
SOLAR IRRADIATION NORMAL TO SUN'S RAYS AT SEA LEVEL

,:_ (Corrected from Moon, 1940)

i _ Irradiation (watts/meter 2)

Bandwidth M=0 M=I M=2 M=3 M=4 M=5
Microns e =90 0 =30 0 = 19_5 0 = 14.3 0 =11.2

0.29-0.40 97.1 41.1 20.3 10..2 5.5 2.8
0.40-0.70 554.0 430.6 336.3 265.3 211.2 168.0

U 0.70-1.1 374.9 317.2 274.5 239.5 210.4 186.21,1-1.5 166.7 97.8 72.2 58.5 49,4 41.8

1.5-1.9 74.7 52.1 46.3 42.1 39.0 36.1

1.9 - 8 13 7-..2_7 6._2_7 6._.9_o
TOTAL 1356.5 951.9 759.0 628.4 522.2 440.9

e = solar altitude (degrees)
M =air mass

2-3
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!

The Earth's atmosphere ts definitely inhomogeneous, but a model ho_ogeneous
atmosphere can be synthesized by using the "atmospheric reduced equivalent thick- I
ness ;" that is, the depth of _e atmosphere reduced to all equivalent depth at 0 ° C (

and 1013 millibars (NTP). Table 2-4 and Figure 2-1 present data on the atmospheric

reduced equivalent thickness (NTP), and Hr is calculated from the 1959 ARDC Model {
Atmosphere. Again, Hr represents the thickness of a homogeneous atmosphere at (
NTP conditions existing above any altitude.

TABLE 2-4 1
ATMOSPHERIC REDUCED EQUIVALENT THICKNESS (NTP), H

{Howard, 1961) r
(

Altitude Hr Altitude H r I
z Z_Z_lkm_)_

0 7. 995 10 2. 098

1 7. 094 11 1.797

2 6. 277 12 1. 537

: 3 5. 538 13 1. 314

4 4. 872 14 1. 123
' 5 4. 272 15 0. 9603

i 6 3. 733 16 0. 8210
l_

i 7 3. 251 17 0. 7021

i 8 2. 820 18 0. 6003

_ 9 2. 437 19 0. 513420 0.43 91

I The basic data is now available with which to develop a model and arriveat the solution of the first part of the problem, which is the determination of the

insolation on a horizontal surface as a function of altitude, solar a_.titude, andradiation spectral bandwidth. The model consists of the Earth surrounded by a

I homogeneous aL-nosphere (thickness 7. 995 kin) with attenuation factors dependent
upon spectral bandwidth. These factors may be calculated from the exponential

attenuation formula using a value of x = 7. 995 km and values of E and E0 taken from
Table 2-3 where E and E0 correspond to m = I and m = 0 data, respectively. Ouce
the attenuation factors have been determined they can be appUed to any portion of

_ _.he homogeneous atmosphere, and in this way, irradiation normal to the Sun's rays
! at a solar altitude of 90 ° may be calculated as a function of altitude. Using the ,.'nnos-
! phertc reduced equivalent thickness Hr results in a straight line plot on semilog graph
. paper. Table 2-5 presents the pertinent data, including two end points f(,r the curves;

altitude Z ---0 and 20 km corresponding to H r = 7. 995 and 0.4391 km, respectively.

I

i

i
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ARBITRARYUNITSOFATMOSPHERIC
REDUCEDEQUIVALENTTHICKNESS

l Figure 2-1. Atmospheric Reduced _qulvalent Thickness (kin) as
a Function of Altitude (Data from Howard, 1961)

TABLE 2-5
DE TE_ATION OF ATTENUATION FACTOR

AND LIMITING I_tRADIATION VALUES

i Microns Watts/M 2 Watts_ 2 KM-1 Watts/M 2
_U

!_ _ 0.29to0.40 97.1 41.1 0.1075 92.60.40 to 0.70 554.0 430.6 0.0316 546.0

0.70 to 1.1 374.9 317.2 0.0209 372.0

1.1 to 1.5 166.7 97.8 0.0666 161.0

1.5 to 1.9 74.7 52.1 0,0450 73.2

1.9 to ¢o 89.1 13.1 0.240 80.1
E0 correspondB to solar constant values (from Table 2-3)

E 1 corresponds to Z = 0 kin, Hr = 7. 995 km (from Table 2-3)

E 2 correeponds to Z = 20 kin, H_ = 0.4391 km
A ettenuation factor

._ Above figures apply to irradiation for solar altitude of 90"

2-5
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1

!
! Figure 2-2 presents curve_ _iving irradiation values as functions of the atmos-

pheric reduced equivalent thickness. Provision for varying solar altitude must now
be included. This can be accomplished by use of the data from Table 2 -3 if it is
realized that _,hegeometry of the problem is such that for any height and solar alti- i
rude, the ratio of the path length along the solar _ltitude line to the path length corr- t
esponding to _ solar altitude of 90° is a const_t. _!uce a homogeneous atmosphere
model is being used, the ratio of _he solar r_diation incident on a surface tot a solar
altitude of 90° is also constant, regardless of the altttt_de of the surface. That is, {

E (Z=O, 0_) = E (Z= Z, 0=90) =C°nst_t

ARBITRARY UNIYS OF .,TV,0SPHERIC
REOUClEOEQUIVALENTTHICKNESS

Figure 2-2, Irradiation Normal to Sun's R_ys (Solar Altitude = 90")

!

i

I
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Th_ data of Table 2-3 permits calculation of this constant for different solar altitudes(90_, 30°, 19.5 °, 14.3 °, and 11.2°). A sin 0 term must also be intruded since the cal-
culations must yield irradiation on a horizontal surface rather than on _ surface

normal to the Sun's rays. For example, consider the _aso of O.29 to 0.40 micron10.3
bandwidth and air mass of 3 (solar altitude = 19.5°). The constant will be 41.---_

(sin 19.5) = 0. 0835. This means that the irradiation on a horizontal surface fora solar altltude of 19.5 ° will be 8.35% of the irradiation on _.e 8re'face for a solar
altitude of 90°. Furthermore, this percev_g_ will hold for &u, surface altitude.

, _ Table 2-6 gives calculated values for the constants mentioned above, and
Figure 2-3 presents curves for the constants as functions of solar attitude. Itowever,
it has already been shown that the 90° solar ,_ititu_e irradiation v_ries w_th h_ight

-; _ (as plotted in Figure 2-2). Th6refore, givep a surface at a certain a_titude a_l
U solar altitude, the 90° irradiation can ,be obtained from Figure 2-2 and the depletion

constant from Figure 2-3. The product of the two Lerms will give the solar ir-

radiation for any bandwidth of interest.

o_ .s ,_/
A- 0.29-0.40M_.,lqON

8-O/IO--O.70 MI4,,_ION
_. 0-0.70- I. I MICRON #

._ E-I.§- I.t MICRON- F- 1.9- m MICRON E

C;_ _ i

i °:
I

.01 , I .... I _

_OL.Aflk.T_TU_ ',- DEOflEE$

Figure 2-3. Depletion of Nadiation With Solar Altit_tde
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TABLE 2-6

DEPLETION CONSTANTS FOR IRRADIATION ON HORIZONTAL SUPFACES

Solar Altitude (Degrees)
Bandwidth
Microns 90 30 19.5 14.._._3 11.2

0.29 to 0.40 1 0.246 0.0835 0. 0330 0.0132

0.40 to 0.70 1 0.389 0.205 0. 121 0.0756

0.70 to i.I 1 0.432 0.252 0.1635 0.114

1.1 _o 1.5 1 0.369 0.200 0.125 0.083

1.5 to 1.9 1 0.444 0.270 0. 1845 0. 134

1.9 to_ 1 0.358 0.196 0.126 0.0889

6. Albedo

Having determined the irradiationor.a surface, the next stepis tode-

termine the amount of thisincoming radiationthatwillbe reflectedback through
the atmosphere to the SMS. Data on the albedo values of various surfaces are presented
first. Subsequently, the problem of estimating the portion of this reflected rad-
iation that is monitored by the SMS is considered.

The albedos of natural surfaces may be considered under three
classifications: surface features, water surfaces, and clouds. Figure 2-4 pre-
sents a fairly complete collection of data for surface featuros. It can be seen
that the albedo has a wide range of values. The highest values apply for snow
or ice. For all surfaces except fresh fallen snow the albedo increases wit:l
wavelength of irradiation. In general, the lowest albedos are found over water; how-
ever, the values do depend on solar altitude. The data points used to plot the water
curve are from Fritz, 1951. The major contribution to the Earth's albedo (0.35) comes
Yrom the tops or clouds. Therefore, for the SMS appl'.cation, clouds constitute the
most important surfaces to be observed. .This is true because the ulbedo of most clouds
is higher than any surface other than snow or ice and water for solar altitudes less than
5 t_ 10°, and because of their altitude, clouds receive more incident irradiation than
staffaces at sea level. Surface and aircraft observations have shown that clouds are

generally encountered ,ver a range of altitude varying from sea level to 18 km (about
60,000 ft.). Table 2-, presents some data on various cloud types, th_ heights at
which they occur, and albedo ranges. To further classify clouds, that part of the
atmosphere in which they usually occur has been divided in_ three etages (stages);
high, middle, and low. These _tages overlap and vary with la_tude with the approx-
imate altitude limits shown in Table 2-8.

i It is now possible to consider any surface and obtain the irradiation (E)on it and its albedo (A). The total radiation reflected from a surface will be (A x E).
Consider now the determination of the portion of (A x E) that is received by the SMS.

I
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: TABLE 2-7

CLOUD ALBEDO INFORMATICN

Cloud Genera Height Albedo
• Miles _ _Percent)

Stratus 0.08-1.2 0.13-1.93 56-65

i Strato cumulus 0.19-2.8 0.31-4.5 56-81"

i Nimbostratus 0.04-3.4 0.064-5,48 70-73
!

: Altocumulus 0.5-3.74 0.81-6.02
!

: Altostratus 0.95-3.74 1.53-6.02 48-52

Cirrostratus 3.74-8.54 6.02-13.7 44-50*

Cirrocumulus 3.74-8.54 6, 02-13,7

Cirrus 3.74-8.54 6.02-13.7 16-23

Cumulus 0.3-8.54 0.48-13.7 70

Cumulonimbus 0.12-8.54 0.19-13.7 70

Very dense clouds of extensive area and depth 78*

Dense ci, .as, nearly opaque 44*

Dense e]ouds; quite opaque 55-62*

Thin clouds 36-40*

* This data from Fritz, 1951. All other data supplied by NASA.

TABLE 2-8

CLOUD OCCURRENCE INFORMATION

(Byers, 1959)

Polar Temperature Tropical Type Clouds Usually

_'e Re_ions ___ions Regioas Found in 'Etage ,,,

High 3-8 I_ 5-13 _ 6-18 Km Cirrus
Cirrocumulus
Cirrostrahm

Middle 2-4 Krn 2-7 Kra 2-8 Km Altoeumttlus

Low 0-2Kin _0-2 I_m 0-2 Km Stratus
Stratocumulus

Altostratus is usually found in the middle 'etage, but often axteads higher.
Nimbostratus, cumulus and cumolonhnbus extend through several levels.
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i _ 7. Detector Irradiation
! First, the atmospheric attenuation factor for irradiation traveling frown
J a surf_re to the Si_S is considered. By reasoning similar to that u_ed for determL__lng

_ the solar irr_Ilation cn a surface, the irradiation reflected from the surface and:J
, emerging from the atmosphere ca_ be determined. Table 2-5 presents the data noc°

essary to plot curves of a depletion constant (portion of brightness ra_iatlon emergh_g

out _f the atmosphere normal to a surface as a function of the hel_t _,f the surface
and spectral bandwidth). This Is based on the concept that the portion of radiation
emer_o;tng out of the atmosphere from the surface Is the same ss the portion of the

_ _ solar constant irradiation reaching the surface. FGr example, for the s uectrum of
• 41.1 = 0.423 for _ surfae_ at0.29 to 0.40 micro_ this deplegon constant would b6 9_'.--'_%

_ Hr = 7.995 km (sea level), and _g"6 = 0.954 for a s_rface at Hr = 0.4391 km (20 km
altitude). Table 2-9 and Figure _T_ present values of this depletion constant as

•_' calculatedfrom data of Table 2-5.

oo-,.,0.40-O.FO1

>BANDWIDTH

o I (_CRONS}
I

;¢

'10 I _ 34 _678
ATMOSPHERCREDUCEDEQUI_.LENTTHICKNF.SS"_ KM

Figure _-5. Depletion Constant for Brightness Radiation Emerg_mgOat of -

Atmosphere Normal to a S_rfaoe as Function of S_rfaoe AltJ_tde,
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TABLE 2-9
DEPLETION CONSTANT FOR BRIGHTNESS

RADIATION EMERGING OUT OF A_vIOSPI_RE NORMAL _ A SURFACE

Bandwidth H r (kin)
Microns J. 4391 7. 995

O, 29-0.40 0.954 0.423

0.40-0_ 70 0. 986 0. 777

0.70-1.1 0.991 0.845

1.1-1.5 0.968 0.596

1.5-1.9 0. 979 0. 697

i. 9"_ 0. 899 0. 147

The altitude angle of the _MS with respect to the surface must a!so be.
introduce<l_s a parameter. To avoid excessive _mputation_, _ easiestway to

accomplishing this i_ to consider the data of Table 2-3 and relate the solar altitude

i angle to the SMS altitude angle. I_ _ way, a depletion constant may h_ obtained

which operates on the radiation emerging out of the atmoel_here normat to the sur-
face_ not on the solar constant radfation. This normal radiation 'has been established

by the depiction constants of Table 2_9 and F_gure 2-5. F_r example, referring to

Table 2-3, the deple%ion constant for the spectral regbn of 0.29 to _. 40 micron with

an SMS alt_t_leangle of 30_will" 20.3
De 4-1.1= 0.494. Table 2-I0 and Figure 2-6 present

values f_,r this constant.

_ TABLE 2-I0

DEPLETION CONSTANT FOR BRIGHTNESS RADIATION
_ EMERGLNG OUT OF ATMOSPHERE AS FUNCTION OF SM8 ALTITUDE ANGLE

!_ (Operateson the RadiationEmerging Normal to Surface)
Bandwidth

i_'_' Microns 9.._0 3_0 19.___9_5 1_4_--3 1L22

i _ 0.29-0.40 !. 0 0.494 0. _50 0.134 0.068

0.40-0.70 I. 0 0.780 0. $15 0.489 0. 389
i : 0.70-1.1 1.0 0.865 0.755 0.663 0.587I. i-I. 5 i. 0 O. 738 O. 598 O. 505 O. 427

i.5-1.9 I.0 0.887 0,807 0.747 0.69_

1.9-_ 1.0 0.717 0.588 0.511 0.458

Beyond thispoinL itis desirableto lim|tdiscussion and illus_.ra_ive
example_ _o the visiblespectralregion (0.40to0.70 micron), Moreover, Inkeeping

with present visibleregion convention,the system of unitsmu_t be clmaK_ from
" watts to lumens. The following conversions may be used when treating the data:

!

• I 2-12
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I
• I wa_ -- 680 lumens at 0. 555 micron

; • 1 walt = 244 lumens over 0, 40 to 0,70 micron b_,nd,v _ -

! • 1 watt per sq. meter = 22.7 lumens per sq. ft. _,"_- ):. _;0 to 0.70
mzcron bandwidth

• 1 r_eter candle = 1 lumen per _t. meter = 1 lax

. _ • i fo_t_ca_dle = 1 tun_ _,per sq. ft.® 1 foot-caadle = ]0.76 .,_mens per sq. meter

H

U
: t,O

• ._ 5

O)

: . _ / DEPLETIONCONSTANTFOR
BRIGHTNESSRADIATION

z .2 EMERGINGOUT OFATMOS-

_ PHEREAS FN OF"SMS

" _'_ i ALTITUDEANGLE
(OP'_RATE$ ON RADIATION

' - EME_ING.O_MALTO
SURFACE)
_PECTRAL ;_I;NOWIOTH

0,,_)-0.70 MICRON
C (_YO- t.I MICRONS
D I.I - 1.5 MICRONS

. E hS -I.9 MICRONS

F 1.9-co MICRONS,os ,,, I -
IO 20 50 |00

._ SMS ALTITUDE ANGLE _ t)EO,,.-_EES

Figure 2-6. Depletion Consumt for Brigh_ess Radiation Emerging
Out of Atmosphere as Function of SMS Altitude Angle
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The Earth's atmosphere may be treated as a perfect diffuser, i.e.,
one that appears equally bright when viewed from any direction. This definition
does p.ot include atmospheric attenuation effects which must also be taken into ac-
count. The geometry of the problem is shown in F_gure 2-7.

B E

i EARTH dO_

Ed

f

L
SMS

i;

,?

Figure 2-7. Geometry of Irradiation Problem

-: where Ed = irradiation on detector (lumens per unit area)

_. B L = brightness of surface (lumens per unit area)
ds = incremental areas (length 2)

} R = distance from surface to detec_r (length)

_. R d = altitude of detector (22,240 miles)

i_,, _E = radius of the Earth (3960 miles)•_ = angle between R and the normal to the surface
• = 90 - ¢ = altitude angle of _MS with respect to the surface
_ = angle between R and the normal to the detector
d _ = view angle

%

_ Table 2-11 presents data calculated from the above geometry which
_ is useful in the analysis. The calculations for R, _, 0, and Wapplicable to sur-
_: faces at sea level are assumed to be valid for surfaces at the altitudes of interest

(0 to llmiles). The determining factors then become the latitude and longitude over
which the surfaces exist. Figure 2-8 presents a fairly complete set of surface-SMS
relationships based on a set of lines of constanf, SMS altt_de angles. These lines can
also be interpreted as lines of constant distance at sea level from nadir and constant
distance from SMS. The data are presented as functions of geographical (latitude-
longitude) locations.

i

i

,t
i!
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_ LINESOF'¢,_0NST.t_I'_/:_,._ _ FOR_IflFACEAT
_' LONGITUDE(X)AN0 LATt_ "Y).8M$ OVEJ_LON_._k3a',LAT.0

"_ '°r-T-F-T-F-_,-T-f -

!

i" r'

i[t• _

MILESFROM
70 sw8___w,_F_ I I _I N_OmAr

oc-,_,__T _T_

Figure 2-8. Linss of Constant SMS Altitude Angle for _urface at Longitude
(x) and Latitude (y). SMS Over Longitude 90° W, Latitude 0

Using the Geometry described above, the equation for the irradiation
on a detector clue to a perfect diffuser reflecting Burface is:

_BLdS cos ¢ cos c_
Ed = _rR2

In the present case, B L is an arbitrarily varying parameter and there~

fore only discrete reflecting areas will be considered. Also, note that 0 _< 9°or 1 _ cos cz> 0. 988. _f co_ _ is assumed Lobe a constant equal 1, the equationbeeomes

]_d = BLS cos ¢

_ R 2
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i TABLE 2-1.1

SURFACE-SMS GEOMETRICAL PARAMETERS

_ R _=_ _ ffi90-_b
Degrees _ • Mfles _ Degrees

9 0 22240 0 90

10 1.77 22304 Ii.77 78.23

20 3.45 22517 23.45 66.55

30 4.97 22856 34.97 55.03

40 6.27 23304 46.27 43.73

50 7.31 23848 57.31 32.._9

60 8.06 24461 68.06 21.94

70 8.52 25123 78.52 11.48

80 8.69 25808 88.69 1.31

Abow data calculated from

3960 sin _8 , sin 8
tan c_ = 26200-3960 cos/_ = 6.'_61616 - cos/_

= 3960 sin 8
R sin

Introducing the various attenuation constants yields

-Ed = BLSC°s _ KIK2K3
IrR2

where K1 = depletion constant due to solar altitude with
respect to the surface (Figure 2-3)

K2, K3 = depletion constant due to atmospheric attenuation
from surface to SMS (K2 depends upon altitude
of surface _mdK3 depends upon SMS altitude angle)
(Figure 2-5, -6)

A depletion constant due to view angle and geometry of field of view
S c_s

is included in the R2 term.

The irradiation on the sensitive surface of the detector may be obtained
from:

-I El= Ed _i 4 t

2-16
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d

_here Ei = irradiation on sensitive surface (lumens per unit area)
Ed = irradiation on SMS aperture (lumens per unit area)
D = diameter of SM_ aperture (in.)

Si = image area on sensitive surface q. in.)
t = lens transmission factor

U Use may now be made of the following relation:

Scos ¢ S__tR2 F2

F2S co s_

or Si---- _

where S cos _ --- area of surface projected at right angle to the viewing
direction R (s_miles)

R = distance from S to SMS (miles)F = focal length of optical system (in.)

Substituting the expression for ED and Si into the equation for E 1yields:

BLD2 K1K2K3t

In addition, the following relation applies:

f/number of optics =
The expression for Ei then becomes:

B L KIK2K3t EbKIAK2K3 t

4(f/no) 2 4(f/no) 2

"'l E b = irradiation in lumens, or watts, per unit area on surface
normal to Sunts rays for solar altitude = 90" (depends upon

surface) (Figure 2-2)
altitude of

A = albedo of surface

_1 If the visible spectral region is considered, and irradiation values
(I are given in watts per sq. meter, the following conversion will be useful:

__ 1 watt per sq, meter = 22.7 lumens per sq ft. (foot-cand!e)

4otoo.
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l

If the aperture lens is corrected for coma and spherical aberration,
it is impossible to Imve an aperture greater than twice the focal length. Thus, the
lens eaunot have an f/number smaller than f/0.5. Considering the above expression

for Ei, it can be seen that this limiting characteristic of the lens results _-n a value
of unfty in the denominator,

An optical depletion constant Ko may now be. defined:

t

K=

then: Ei -- EbK1AK2K3K o

Figure 2-9 is a plot of the optical depletion constant as a function of the
f/number Of the optics with the lens transmission as a parameter.

0.50.608 1,0 ;_.0 3.04.0 6,08.0I0
f/NUMBEROFOPTICS

Figure 2-9. Optical D_pletion Constant as a Function of the f/number of
the Optics With the Lens Transmission as a Parameter
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8. Nil_ht Illumination
The problems of night illumination and night observation are import&ut ones

for the SMS, since approximately 90% of the time there will be night areas in the field

of view. To follow the of events observation
progress meteorological on Earth, night

capability becomes a necessity. For the present, the as_umpkion wfl! be made that the
difference between the nighttime and daytime terrestrial long wave radiation situations

|| is negligible and this radiation will be ignored.

Night illumination on Earth is a composite of many contributing factors.

By far, the most important of these is moonlight. In addition, there are nightglow,starlight, galactic light, and zodiacal light. These are usually grouped "_der the
heading "light of the night sky" and become important for moonless c_nditions.
Figure 2-10 pre_ents a compilation of some estimates of night ground illumination

in the visible spectral function of longitude degrees from the solar nadir.
region _tS a

(The curves are from a Hazeltine Corp. Report, dated 1963. The one-value estimates
are from GE/LMED and a Smithsonian report, dated 1939. ) The curves labeled "Fall

Moon," "Quarter (Half-full) Moon" and "New (No) Moon" apply to the illuminationalongthe equator when the Sun and Moon are both on the Equatorial plane. The general
agreement in values seems to indicate that a si,.nilar situation exists for the other curves.

In all cases, agreement well within an order of magnitude is obtained between the var-ious data. Consider now the various contributions in order.

N

? I _lr,l_'-'4-'-_ I

I'_-_ l.,_-._ • _'_

1 2O0 I1_ I1_ _ I_) _ I_

l i

Figure _-I0. Estimates of Night Ground Illumination - Visible Spectral Re_ion
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'_ a. Moonlight

The Moon is the predominant source of ni.zht-sky illumination on
Earth. The ratios of quarter Moon and full Moon illumination to no Moon illunination
are roughly 100:1 and 1000:1 respectively. This iUunination varies over the Earth,
a_ a funcUon of cloud cov_r and terrestrial position. (See Figure 2-10)

In reality, the Moon is a solar radiation reflector with a wavelength-
dependent reflectance (albedo). It reflects over the entire solar spectrum, but the
albedo decreases toward the violet and then drops sharply in the ultraviolet, as sh_rn
in Figure 2-].1.

O ....

ff

3000 3400 3800 4200 4600 5000 5400

WAVELENGTH_ ANGSTROMS

Figure 2-11. Relative Spectral Refle_ance of the Moon (F_tzoff, 1962)

i Recent studies indicate that the rising trend toward longer wavelengths continuesinto the infrared. Since both the solar radiation spectrum and the Moon's albedo
are maximum in the visible region (0.40to 0.70 micron), it is convenient to con-
sider Moon illumination to be predominantly visible ra_iatic_. Table 2-12 presents
the variation of lunar brightness _vith phase a_gle, referring to the total light
received from the Moon. Values are given for both the waxing and waning halves

l 2-20
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CI
of the lunation. The Moon may not be treated as a Lambert reflector; the brightness
of the full Moon (corresponding to a Lambert sphere of 18.6% albedo or a l_ambert

disc of 12.4% albedo) is too great in proportion to tbe brightness in the partial r_hases.(L_tegration of MoonIfght over all directions gives a v&lue o_ 7.3% albedo, according to
g,_zoff. )

b. N_ghtglow

For conditions of no Moon, the predominant source of Illumination is

nightglow. The term nightglow is used to designate nocturnal radiation emitted bythe Eart_ts upper atmosphere, other _nan that due to aurora. It consists of emission
: in the visible, ultraviolet, and near infrared Sl_ctra.

TABLE 2-12

_I RELATIVE TOTAL BRIGHTNESS OF THE MOONJ (Katzoff_ 1962)

Phase Angle l_hase Angle

_! ,degrees) W______g Waning (de_ees) _

0 1.0 1.0 80 0.121 0.I05

I I0 O.810 O.750 90 O.C85 O.07820 0.616 0 •572 100 0. 057 0. 658

30 0. 482 0. 445 110 0.039 O. 04140 0.356 0.342 120 0.025 0.027

50 O,281 0•264 130 {_,01_ 0•017
Ii
_ 60 0.220 0.204 140 0. _3_ 0. _996

70 0.167 0.148

Ill At night, the source has not been corn_firmed, bat G possibility is
_he storage of chemical energy in _ recombination of atomic species into m_lecules.

Prominent compo_eats of nightglow emission are atomic oxygeu _t_s at 8_V7 angstromsand 6300 angstroms, a sodium line at 5893 angstroms, amolecular oxy_en band in the nea
ultraviolet, .and a hydroxyl radical band L_ the near in_rared_ Table 2-13 pr_ments
some charactsrls_cs of the nightglow components. Th_ rayleigh is a unit of intensity

! _ of emission which is equal to 10o photovs emission per second in _asquare em column
I •

extending up through the atmosphere.

f) An analytical treatment c_ the night[_w flluz_ination on clouds has
_1 been performed and is contained in a i[azeltine Corp. Report (196_). Th_ detailed

derivations will not be repeated h_re bu_ tim resuits of an illustrative exumple _om

and resultant brightness on the ground toward _entth are _g_med. _he ilhqni_atl_
on a representative cloud due to this brightness is obtained a_ong with ,the ratio c_
_loud illumination to ni_hW,low brightness.Thnse vgluesare allwavelength,_e-

' } p_ndent. The parameters used for the example a_o:

(1) Cloud I_ _- top at IGkin, albedo of O, 5

f;
"i _.._
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(2) Optical system - f/1.5, lens transmission of 0.9,
B-20 photocathode

(3) A representative wavelength-_telmndent atmospheric
zd_orptton coefficient

(4) The other night-light sources mentioned previously are
assumed to provide additional cloud illumination equal
to 1/2 tha_ provided by the nightglow

T_L_ 2-15
NIGHTGLOW CHARACTERISTICS

(Bates, 1960)
Measured

Nlghtglow l_e Zenith Photon intensity (rayleighs)TemperatuzeDedum_ kl_e
or Bs_dSystem Ms_tmum M/n/mum _ .._(de_reeslG f_n) .

557"/ 518 62 259 190 _5

6300 259 42 146 <700 <200

; b893 488 25 149 85 to 95

-Z_e_:zl;-0H 6._xi_ 26o 65(or_11o)
: 200 75 or 95

o2 20oo 150
200 Y5 or 95

i Herz]_sr_, 0 2 150 _200 75to 95

i 5300 oontiuum 85 to 110

lutesratton over the visible spectral region resulted in the following photocsthode
' illuminations:

(1) 1.7 x 10-5 foot-c_lle due to z_ghtglow alone

(2) I. 2 x 10-5 foot-oaudle due to Lamberflan reflec_ clouds

(3) C 8 X 10-5 foot-candle due to uniform reflecting clouds

Contrast ratios are then calculated for the two oases:

I (1) Lmnbert_z reflecting cloudsContrast = (1.7+1.2}x10"5-1.7xlO -5

2)x10" 5 x 100 = 41.4%

(2) Unffo_ reflecting clouds

7+1.

_-_ Contrast = __l;'/ 0-5"I'Tx104-x 100 = 26.1_0

_ (I. 7+0.61x10 "5

The correct result is postulated to lie somewhere between the two cases _clouds
are neither Lamberttannor uniform reflects8). Each case o_ interest (particular
cloud cover, ground considerations, etc. ) would i_volve es_ntially the same pro-
cedure a s outlined hez,e and detailed in the Hazeltine report. The rem_ com-
ponents Of the "light of the night sky" may be dismissed as betns.less important
fllmnin_on ccmtr/L ors than the ni_t_low, and/c_" _ documented sufficiently to
obt_-an_ def_uve data.
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' 9. Examples of Method

To illu_u'ate the model and methods just outlined, ex_mples are presented
for the determination of _ensitive surface irradiation as the equator is scanned from
0 ° longitude to 180 ° W longi_:de, and determination of contrast ratios resulting from

such data. The contrast ratio is ,leftned as Max Irradiation - Min Irradiation x 100_.Max Irradiati _-

The examv!es presented are applicable to Lhe visible spectralregioh (n _0 to O.70 mdcron).

Two Sun positions will be assmned:
..

(1) Solar position over the equator at 0 ° longitude (6a. m. at nariS)

(21, Solar position over the equator at 90 ° W lon_tude (SMS nadir)
(high noon at had!-)

"" .Two atmospheric conditions will be assumed:

(1) Completely cloudless cor, ditions where the solar radiation
. is incident on the ground

_. (2) Completely clouded conditions with uniferm cum_llonimbus
} cloud cover (albedo : 0.7) at 14 km

Two Moon positions will be assumed:

_. (1) Full Moon; Moon over the equator at 180 ° W longitude

(2) (_larter Moon; Moon over the equator at 90° W long-;_ude
,r (SMSnadir)
t

These will apply only to the case of the solar position over the equator at 0 ° long-
; itude since for the othe;" case, (,%n over SMS nadir) *_h£re is no night area in the SMS

! field of view, and Moon irradiation becomes negligible. For the ae,mumed examples,
an I/0.5 optical system with a lens tran-_mission of unity is also assumed (Ko = 1}.

Along the equator, the Earth's surzace consists of wate= _Atlantic Ocean)
from 0 to 50 ° W longitude, land (northern section of South Amerl.ca) from 50 to 80 °
W longitude, and water (Pacific Ocean) from 80 to 180 ° W longitude. The albedo of
the water surfaces will be determined by the solar altitade (daylight case) or by the
lunar altitude angle (nighttime case). The land albede was assumed to be 0.1, cz-r-
responding to an average albedo for deciduous forests in summer over the wavelength
re£ion _f interest (0.40 _3 0.70 micron).

The basic equation f_. daylight conditions is

Ei = 22.7 F,bK1A K2F_3K° foot-candles

, where Eb is expressed in watts per meter 2 and ttte other components are as
previously er_lained.

Table 2-14 and 2-15 present data on the sensitivesazf_ce irradiation

and contrast ratios during daytime conditions for the two assumed solar lmeitiont_.
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i1
I The basic equation for ntghttime conditions is

El = Em K1AKz K3 Ko

where Em K1 in foot-candles, which represents the Moon irradiation on a horizontal
surface, may be take,n dhectly from Figure 2-10. Values for Moon irradiation as a
function of altitude at_. not av_Iabte. However, only the visible spee_ra_ region and
reflected solar radiation are bein_ considered. Therefore, the ratio of cloud ir-
radiation to ground irradiation, obtainable from Table 2-14, will also apply to this
case. This ratio is:

Em K1 (clouds) 533

Em K I (ground)= 43---0= i°24

Tab!es 2-16 and 2-17 prer_snt data on _he sel_sittve surface irradiation
and contrast ratios during nighttime conditions for the two assumed lunar positions.
Since it appears that the llluml_tion values of Figure 2-10 represent solar twilight
irradiation (extending into refraction effects) from 90 to 100*W longitude (there is
no difference in illumination for different Moon conditions), the Ei values for this
region cannot be reliably calculated.

Figure 2.-12 presents a continuous plot of sensitive surface irradiation
for the case of Sun posRiQu over the equator and 0° longitude (Table 2-15) and the

_ two assumed lunar positions (Tables 2-16, 2-17). The twilight and refraction zone
data, dotted the figure) interpolations obtained by assuming that the(shown on are

Irradiatiou gradient between the day and night zone_ on Earth is a smooth one. It' is felt that this assumption does not intlxx_uce significant errors.

_'_ SUNOVER0 0E6LA7,0I_G L0_
_.. MOONOVER0 0E6LAZ,90DEGW.LONG.

(_L,lULERMOON)

_,_ _l 0 OEG LAT., 18_ OEO W. LONO.
(FULL K_)ON )

5xlO 3 .... _ .

_ 503 : _: : ::O :

•_ tO2 _ _ , ] --

_ toc __i-- _-_

I

i CLOUD | ! %.

OLhI_TER I_OON ._

',_ mo_o_'-.:_o_ooeoeo_ o
OEBREE$WESTLOl_'rl._

i_'i Figure 2-12. Sensitive Surface Irradiation - _m Over the Equatu,r
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The coatrast ratios have not been plotted but, for the assumed oondi_lons,
can be seen to vary between 45.5 and 98.1% _dth the majority Ofvalueb being greater
than 90%.

While the examples discussed are for particular conditions, they serve the
purpose of illustrating the technique. The contrast ratios are specific in that they

N reflect Jcene contrast between two limiting surfaces; the ground, and relatively
_J high altitude, high albedo clouds. It is exl_cted that the contrast between surfaces

closer to each other in altitude and albedo values can be much smaller.

N ": B. HEAT BUDGET

; The heat budget of the Earth and i_s atmosphere may be considered as three

'ii problem areas:
(1) Reflection and absorption characteristics of solar radiation

:i _ with respect to Earth and the atmosphere
U (2) Radiation of energy from Earth and the atmosphere

to space

!H (3) Radtm_t energy exchange mechanisms between Earthand the atmosphere

The solar radiation problem has been treated in some detail in the previousparagraphs. This consists of ultraviolet, visible, and infrared radiation having
wavelengths between 0.29 and 4.0 microns. Terrestrial radiation consists of

infrared energy, nearly all of which occurs at wavelengths beyond 4.0 microns,radiated by the Earth-atmosphere system.

The first area of interest to be considered will be the selective absorption

characteristics of the atmosphere. In general, the most effective absorbingcomponent of the atmosphere is water vapor (H20) . Although 1_normally com-
prises less than 3% of the atmospheric gases, it accounts for nearby all of the

g_cous absorption of the terrestrial radiation. Th_ only other noticeable con-tributions _o this absorption r.re made by carbon dioxide (CO2) and ozone (03),
with the absorption by CO2 being at least an order of magnitude greater than that
of 0 Figaros 2-13 and 2-14 show the principal features of the absorption bands
and windows of the _nosphere. Since terrestrial radiation is being considered,
a lower wavelength limit el 3 rllicrons is established. For a black body a_ 380_K,
0.06% of the radiant energy is contained in wavelengths below 3 microns; for lower

] black body tgmperatures, this percentage figure decreases. The term '_vindow"denotes a spectral region of relatively high transmittance lying between two re-
gions of low t_nsmittance. In Figure 2-L% the absorption bands of H20, _Co 2,

and 03 are denoted. Figure 2-14 is an atmospheric transmission spe_tru_determined by water vapor alone, since the other two constituents do not have
absorption bands above 18 microns. Above approgtmately 23 mlcrons_ no data
are available, but it is assumed that Complete absorptl9_ is ,)brained by H20 up

_] to the wavelength limit of interest, 40 microns, o
upper

The amount of absorption is, Of course, dependent u_ca the concentration
!7 of the absorbing medlu-u. In this regard, it is customary to use the following
LJ teminglogy: ..... "
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Figure 2-13. Windows and Absorption Regions of the Atmosphere

(Howard, 1961)
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Figure 2-14. Atmospheric Trausmission Spe¢;z_m D_e to Water Vapor
(Holter, 1962)
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[]
• Wa_er vapor concentration in the atmosphere is expressed in precipi-

table centimeters (pr-cm) of water. This measure of concentration is the thicknessof the layer of llqutd water that would be formed if all the water vapor traversed by
a beam were r_ndensed 'in a contsJ_er of cross sectional area equal to that of the

beam. The precipitable water in an air column through the whole atmosphere variesfrom approx__mately 0.01 cm in extreme winter arctic conditions, to 10 cm in the
rainy season of the tropics.

• Carbon dioxide concentration may be expressed in atmocentimeters(at_:o-cm). This is the path length in centimeters which would contain the same
i number of molecules for a gas at NTP (0°C, 1013 millibars) as a column of arbitrary

i _ path ler_gth, pressure and temperature. Since the atmospheric abundance of COis about 0.03% by volume, the absorber concentration of CO2 at ground level is &out
i 30 atmo-ctn per km of path length. Figures 2-15 and 2-16 give the transmittance as
, a function of absorber concentration in the absorption I)ath for two of the absorption

bands of interest; the 6.3 micron to 8 band of and the 15 micron
(5 microns) H20

(12 to 18 microns) band of CO.2. The transmittance values were measured under
reduce_ pressure to simulate conditions at high altitudes. The total pressures with

nitrogen were 125, 500, and 760 mm Hg, which correspond to alti_des of 42,000feet, 11,000 feet, and ground level, respectively.

H Using the data Just presented, an estimate can be made for the percent-age of thermal radiation transmitted through the _.tmosphere for a given Earth black
body temperature. Consider the spectral band between 7 and 40 microns and assume

H H20 and CO2 absorber concentrations of 0.22 pr-cm and 30 a!_no-cm respectively.• The transmittance for the 18 to 21 micron and 21to 40 micron H20 bands has been
estimated from Figure 2-14 to be 30% and 0 respectively. For a complete treatmenL
bl_ck body _mperatures from 100 to 400°K are considered. This greatly exceeds

the expect_t range of Earth temperatures (200-300_K). Table 2-18 presents the• pertinent data and Figure 2-17 is a plot of the results.

It can be seen that the percentage radiation tr_smitted through theatmosphere increases rather rapidly with black body temperature until a broad
peak region is reached between 300 and 400°K with a maximum of 41% at 345°K.

l_igure 2-18 shows a spectral radiance curve illustrating *,he abovestatements. The upper black body ct_rve represents radiation from the Earth's
surface when the surface temperature is a reprerentative 288_K. I_ the atmos-

• [| pheric window regions, this radiation escapes to space. In the abortion bands,
H the escaping radiation comes from the stratosphere _, where a representative

temperature is 218_K (lower black body c urw:_). In intermediate spectral regions,

the radiation to space falls between the two black body curves, The res_ltzntradiation spectrum to space is illustrated by the solid curve.

J
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Figure 2-15. Transmittance as a Func_ton of H20 Concentration-
6.3 Micron Absorption Band (Howard, 1961)
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Figure 2-16. Transmittance as a Function of CO2 Concentration -
15 Micron Absorption Band (Howard, 1961)
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Figure 2-17. Percent of Atmospheric Transmittm_ce as Function of Terrestrial
Black Body Temperature

It has been shown that by a series of assumptions and approximations, the
atmospheric transmission of the terrestrial radiation may be estimated. No effort
has been made to include the attenuation effects of particulate matter in the atmos-
phere. This would include dust, smoke_ haze, industrial effluents, organic matter,
and other such materials. In addition, and most important, the effect ot absorption
by liquid water, as is found in clouds and fog, has been neglected. Measurements
indicate, that the liquid has approximately the same absorption bands as the vapor
but with absorption coefficients nearly ten times as great (Byers, 1959). Around
10 microns, in the middle of the water vapor window and at a point at which the
absorption is least for liquid water, a water film 0.1 mm thick will transmit only
1/100 of the incident unreflected radiation. For average clouds, the leng& of a
path through a cloud that would contain 0.1 mm of liquid water per unit cross section
would be about 160 ft.
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Figure 2-18. Typical Terrestrie_ .".adiation Sneotrum (Johnson, 1961)

i.i_ _ _r_ su_Dsect_o_ _k It was shown _t cloud c(_ver is per]_a_s the don_Lnt featurein the solar radiation problem. From the '_ove statements, it is clear that clouds
also play a dominant part in terrestrial radi;_tion consideraL_or.s. Becguse of

their great absorption capabilities, clouds ma_ "_ considered as black bodyradiators since they absorb and r_-emit _adiation in all of the infrared wave-
tength_, including the ws_er vapor windows. Normally, temper_m'e decreases
with altitude. I_e cloud layer absorbs radiRtion from below and re-emRs r&_-

_ ia_ion both below and above. As far as radiation to space (and the SMS)is con-
-_- cerned, the result is the creation of a radiation surface as e_fect_ve a_ the ground

but at a oonsiderably lower temperature (often below 200_K",.

_l In conclusion, some data on the expected levels ef terres_ial radiation
may be presented. The magnitudes are known to vary as a _unotton of _atlt_l_. -

1 Table _..-1_ presents values for the total outgoing radiation obtaine_ from a meteor-__ ologlcal study performed by Baur and Philtpps in 1934. (Th$ .ab]c is from Johnson,
1961. ) The values have b_en averaged ever a.poric_; of a day or longer but the
hourly vartatiou between day.me and nt_httime, val_es ca_ be t_aor_ as not being

I excessive.

[;
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TABLE 2-19

TOTAL LONG-WAVE RADIATION FROM THE EARTH AND ATMOSPHERE

_Johnson,1961)

Latitude Radiated Energy (warm per sgz.9_m)_-
degrees Jan. 21 March July 23 Sept.

0 - l0 O. 0203 0.0212 0.0209 0.0°06

10 - 20 0.0206 0.0210 0. 0210 0.0211

20 - 30 0.0203 0.0204 0.0213 0.0213

30 - 40 0.0193 0.0194 0. 0216 0.0218
40 - 50 0.0175 0 o0175 0.0202 0, 0201

I 50 - 60 0.0164 0.0164 0.0195 0. 0185

i 60 _ 90 0. 0156 0. 0152 0.0189 0.01_7

More recent estimates have been made by various investigators which
indicate:

• 27.9 mw/cm 2 _ 0 ° latitude to 18.1 mw/cm 2 at 90° latitude for clear

:_ sky conditions. (Variation diminishes as skies become overcast, according to
_ Camack, 1962.)

_ • 20.9 mw/cm 2 at 0 ° latitude to 16.7 mw/cm 2 at 90 ° latitude. (No sky
'_ condiH_n mentioned, _ Cherney, 1945.)

• Recent preliminary results of data obtained by the Tb:os HI meteoro-

logical satellite range from 19.1 mw/cm2 over the East Central United States
_:i under heavy cloud conditI_ns to 33.9 mw/cm 2 over the desert in clear _kies.

(Nordberg, 1962).

It becomes obvious that terrestrial radiation is entirely dependent upon at-

mospheric transparency, which varie _ greatly depending princtlmlly upon the
:_ presence or absence of water vapor, carbon dioxide, and clouds. It i_ likely that

definitive satellite data will be required before anything more than a cr_le estimate
of the Earth's fllermal radiation environment can be given.
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SECTION 3 - CLOUD COVER SENSORS - VISIBLE SPF.CTI_L REGION

A. GENERAl.

[_ "i'ne prlmary function of the SMS, as defined in the NASA work statemenL will
be to _btain low and high resolution pic#_res of the Earth'B cloud cover under all con-

,_ ditions of incident lighting; thins, 24-hour coverage is required. Factors limiting thet!

lJ &bllity of the ca/hera system to l_eet this r equ_'ement _clude sellsor _vR_t_bility.
sensor resolution and dyaamic rau£e, _ vehicle payload and power requirements.
The n_cessity for 24-hour ea.pabflity restricts the sensor selection to low light level,

TV-type hnag_mg systems, such as Image Orthicons, Intensifier Orthicons, ImageIsocons, and_ possbily, high sensitivity Vidicons. Infrared systems offer another
i possibility. Sensors suitable for use in ths visible spectral region are c_nsMered

i "" in the present section; infrared cloud cover servers are discussed separately ini j Section 5, "Cloud Cover _nsors - Iufrared."

i il Section 2 has already considered, in great detail, the energylevels which will
j _i be available at the focal plane of the sensor optical system. Tiros, dat_ are provided
i on the fltumtna_.on and contrast levels for various cloud types and terrain features,

as functions of 8olar angle, cloudaltttude, and geograFMcal position. -Stellar, lunar
.i i_ galactic, and airglow con_ributions are also considered. W_th these data as a starting
J_!! point,itispossibletoestimate._heperform_ce ofa number ofvlstmlsensorsforthe

.ir_ SMS application.Such an estimateisthepurposeofthissection.

JH In the following I_aragraphs, detailed requirements for the cloud cover sensor
I will be es_bli_hed. Suc_ factorsas resolution,contr_st,dynamic range,and signal

_-: tonoise performance o_ the sensor tubes and syst_zas _dll be established as functionsi of ground resolution, time of observation, optics, stabili_ation, data rates, etc.
i . Earth coverageand satellRe-Earthgeometrywillalsobe considered.Once thenec-
i essary requirements are established, a comprehensive survey of existing sensors is

presented, in which de, ices such as VidiCons, SEC Vid_cons, Ebic0ns, Isocom%
- • Orthicons, intensifier tubes, image dissectors, and others are considered in somef

l detail. In each instance, the sensors are identified by manufacturer (ar_ model
i [; number, ifpossible)anddataispresentedon size,weight,power consumption,
i {I re_olution,dynamic range,and sensitivity.Comparisons are_-esentedof mlnia-

t_u'izedversusfullsizeImage Orthicous,and electrostaticversusmagneticOrthi-

I f cons and Vidicons.Inforntationisalsopresentedon theeffectsofintegrationand
)

' scan time variation on sensor resolution and sigval t_ noi_ performance_• }

A theoretical analysis is given of the performance of an idesl imaging device
in terms of statistical phenomena. The effect of contrast, _ well as theoretical

, signaltonoiseratiosand limi_ag resolutionperformanceare present_d,luboth
• the analysis and the summation of actual tube data, unly multiple s_hn operation at

I!- ! normal commercial TV rates is cm_s!dersd, since neither significant analysis nor• dei'h_itive performance _nformation was available on single scan sensor operation°

! Where single s_an systems must bs considered, as in the SMS application, extreme

r care must be taken in utilizing the _nformation presented, so that incorrect con-

I " clusious are not drawn. This matter is discussed in more detail in Section 6,
"Problem Areas."

!.i1
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_ Optical system design is then discussed. The relative merits of refractive

_ and reflective systems are considered, and optical problems peculiar t_ the cloud

cover sensing function are lcresented with regard to atze, weight, resolution, image
motion, lens flare, filtering, thermal control, and numerous other factors. Dff-

_: ferences between various pos6ible _ptieal systems are considered, and the character-
i_tics which render some of _hem suitable for the present application and preclude

_ the use of others, are discussed.

_: Special te_hnlques particularly suited to the SMS appHcat!ou are then con-
_ sidered. They include filter wheels, photocathode pulsing, and automatic iris

control for controlling brightnes_ level variation over eight or nine orders of
_ magnitude; semi-automatic control of oporati_ parameter_ to impro_e dynamic
-_ range capability; and automatic control of beam current, vicke.oAGC, and band-
_! width rolloff to improve low light level performance and optimize z_solutton.

The use of adjustable masking to occult sunlit portions of the Earth's disc and
imp:rove sensor performance when viewing the night p_r_ion of the EaCh is dis--
cussed, as are Sun protection devices and certain other potentially useful techniques.

_ Based on data prevented in these sections, an analysis is porformea to determine
_:-_ the sizes and develop the char0_cteristics, of systems for incIusion in the 100 and 500

_ pound vehicles. The characteristics of these systems, including mechanical, elec-
trical, and optical parameters, sad expected performance, are summarized, In ad-

_: ditton_ the interfaces between the censor syst-m ano other ,mhicle systems are
:_ considered.

B. REQUIREMENTS

"_ The NASA work s_atement for the study of cloud cover sensors defiues the con-
straints and objectives to be as toUows.

_. A study of sensors will be made, to establisL a basis which will en_l)le the

. vxamination and assessment of sensor abilities and trade-offs. Sensor resolution,/ and subsequently the resolution of the SMS is the basic parameter. All other space-
_,: craft trade-offs are, in one manner or another, measured against their effects upon

ser_or accomplish the one-year satellite orbital lifetime requiredresolution. To

by NASA, the design of the sensory system must reflec), the highest technological
advancements, together with simplicity and reliability.

The sensors will provide wide area, full Earth disc, coverage of the
Earth's meteorological cloud complex, as well a_ a narrow area coverage. The
objective will be to provide meteorological resolution of 10 miles or better at the
nadir for the full Earth coverage, and st_mificantly better resolution for the narrow
field coverage.

The study and sm'vey of sensors will include at least those listed in Lhe foi-
lowing categories (which are within the time limits of this study program):

I .. (1) Vurious types of Vidicons (electrostatic, magnetic, etc.)
<

i (2) Various type_ of Image Orthlcons, (electrostatic, magnetic, etc.)
(3) Dieletric _ape cameras

(4) Special types of Imaging Sensors

3-2
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The use of a single sen_or to provide both day and night cloud cover surveil--lance will be investigated. The problems associated with _h_ sensor's abilities
to provide eatiefactory meteorological information when the fu]l Earth disc on-.
compasses daytime conditions on one edge of the Earth and nighttime conditions on

• I_ the othgr will be e.,_.s_mined.

During the study and survey of sensors the interrelation of inherent sensor

[i! parameters, as well as tl_e characteristics of ancillary _strumentation, will beexamined to provide additional comparative data. To do this, data will be developed
: in at least the foil)wing areas:

(2) Limiting resolution in T7 lines and in TV lines per inch

_ (3) Maximum si_ml to noise ratio
! (4) Type of shutter required

_] (5) Dynau_Ac range
_1 (6) Sensitivity for maximum resolution in toot-candle seconds

(7) Image storage time relative to the time fG_ resolution drop
" _] off to 2/3 maximum resolution

H
(8) Optical characteristics required for a given ground resolution

• and illumination

i (9) Ground coverage in statute miles ,_

(10) Allowabt9 stabllizat'.on ra[es of satellite for ground 8meat of

i one-half TV line.

The objective of this study will be to fulfill the NASA requirements and to
I _ develop the necessary comparative data *.hat will make poss_le an intelligent eval-
[ i uatio_ of sensor and ancillary parameters for optim_un performance.

!
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I C. SENSOR SURVEY

While pno_ographic film might prove to be a suitable recording medium, the
space environment, one-year orbital lifetime, and near real time data transmis-
sion requirements "_recludethe use of such a system for this application. To transmit
datato tileground, film would have tobe processe_iinorbitand scanned to produce

" a video-likesignalfor transmission to Earth. System limitingresolutionwould

z then be that of the scanning device, and the inherently higher capability of the film
would not be properly utilized. Equipment complexity, chemical limitations, and
size: wt,ight, and power requirements, must rule out such a technique immediately.

_ Electronic .imaging systems are attractive for a number of reasons. Coupledr
with appropriate optics, these sensors are capable of meeting viz_ually any meteor-

i ological resolution requirement. With appropriate mechanical or _lectrical com-

pensation, such sensors can accept a wide range of scene illumination conditions.
The video-type sensor processes information in a form ideally suited for real time

_ and near real time data transmission. Finally, such sensors have been used in
space applications, and are being improved and upgraded in performance to meet
the stringent requirements of programs such as the SMS

i_ The basic element in a video camera is me sensor tube itself. While drive
_ and synchronization circuitry, deflection and focusing yoke homogeneity, and

recording medium sensitivity and resolution are sometimes the limiting factors
: in the performance of a video camera chain, there is no fundamental reason why

'_I' any or all of these cannot be improved by the application of sound engineering prin-
ciples to the point where such limitations are removed. When effqrts are made to

i eliminate such factors, the sensor tube itself invariably provides the ultimate limit
: to system performance. Consequently, any serious study of system capability must

i!_ begin with a thorough analysis of tube pe ormance._: In this section, a wide variety of video-type sensor tubes are considered. In

i! each instance, a brief discussion of tube construction and operation is given, so
,J. that fundamental performance limitations may be more clearly understood. Operat-

_ iag characteristics of various tube types, based on theoretical calculations as well
!_!: as actual me_gurements, are presented. Characteristics such as resolution, sensi-
_': tivity, dynamic range, and signal to noise performance are compared for various

_. models of a tube type, as a preliminary to the system analysis (subsection F),where the performance of various types of tubes is then compared to select and&
_ synthesize specific systems.

_ The following discussion does not restrict itself to the more common video
_ sensor tubes, such as the Vidicon and Image Orthicon, but includes several others,

such as the Ebicon, CPS-Emitron, Image Dissector, Isocon, and Image Intensifier
!_ Orthicon. In addition, attention is given to se,asors which combine the character-

istics of two or more storage media.

I' 1. Photosensitive Surfaces

Television imaging sensors invarisbly depend upon a photosensitive
surface for the primary generation of an electrical signal. In general, such sur-
faces are either photoemissive or photoconductive, depending upon the physical

process involved, and the sensor tube itself is frequently classified in terms of
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this primary process. Thus, for example, the Image Orthieon is considered

!i It photoemissive, while the Vidi_on is primarily photoconductive. Devices which
incorporate two or more distinct processes are considered, for the purposes
of this study, to be combined sensors. The Ebicon is such a sensor, since it8

I i primary electron production is by photoemission, while charge storage is! .. accomplished by conductivity induced in the target under electron bombardment,

._ ,_] As a process, photoemission is a manifestation of the photoelectric
_ effect, in which _he energy of av incoming photon (light quanhlm), which Is di n

! "" rectly proportionaltothe radiation fr.equency, is tran_fer_'ed to 61ectrons in the
_ photoemissive surface, giving these electrons sufficient energy to escape from

H the surface. The energy which binds an electron to a particular solid is propor-
'i tionalto the work function of the material. This binding energy is the minimum

energy which must be supplied to the most energetic electrone in the solid to
i] remove them from the solid. Moat pr&ctical photoemitters have work functions

ii lying between 1 and 2 electron volts. The sensitivity of the photoemissive pro-B cess is generally expressed in quantum efficiency, as a f_mction of wavelength;
_ i, e., at a particular wavelength, a quantum efficiency of 100% indicates that

! _ each incoming quantm_ raises one electron past the material work function. For
iacideat radiation of a particular wavelength, photoelectric current is proportion-

_ al to radiation intensity.In
t _ Information on the absolute spectral response characteristics of

photoemissive surfaces is widely available, and typical curves which are fre-

_i_ quently cited inthe literature are presented in Figure 3-1.

• .., l _. _ --.,'_-

Figure 3-1_ Spectral Response Characteristics

Il
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:._ The S-20 photosufface, which is a sodium-potassium-cesium-a_t]mony (Na-K-
_ Cs-Sb) material deposited on a translucent substrate, poz, sesses a broad, high

I efficiency sensitivity, with about 20% quantum efficiency at its peak spectral
rc:_ponse of 4200 angstroms, 1% quantum efficiency at 7500 angstroms (in the [

r._ very near infrared), and a greater sensitivity _n the 5750 to 7800 angstrom
i, range than any other currently available photoemissive surface. The S-17

,,_ photosurface, which is a ceslum-antimony (Cs-Sb) material deposited on a
.. ,: reflecting substrate, actually possesses - higher sensitivity than the S-20 photo-

i surface up to 'about 5800 angstroms, with a quantum efficiency approaching 25%
at 3500 angstroms (Figure 3-2). However, its sensitivity fails ofl so rapidly

_ toward the upper end of the spectrum (the S-20 photosurface beiug more than an
, order of magnitude better in sensitivity at 7000 angstroms), that the S-20 photo-

.,{, surface is a more desirable material to employ in those applications where
,,_ substantiM near infrared energy content is available. Such is the case here,
._ where cloud-reflected solar and similar spectrally-distributed energies are
b utilized for viewing, since 23% of the solar energy content lies in the 5800 to
i 8000 angstrom wavelength band, while only 9% of the solar energy content ties

in the 3000 to 4000 angstrom region. Indeed, the S-20 photosurface appears to
have an undesirably high response in the 3000 to 4000 angstrom region, since a
considerable contribution from atmospheric scattering appears in this region in

_ the form of foreground noise. Optical filtering may be required to reduce this
_- unwanted light.

{

O{
2500 4000 60_0 800_ _00_0 ,2000

W_r4EL_NO'TH_ANG$1AOM$

Figure 3-2. Relative Quantum.Efficiency of Various Photocathodes
}

1
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iu
, r_ Photoconductivity is the increase in electrical conductivity which occurs

_1 when photons excite electrons to the conduction band or create holes in the v_dence
•_ lJ band of a semiconductor. This process may be accomplished with a thin sere:L-

' f_. condacting film, whose resistance per unit volume varies with the intensit> of

i! f incident illumination. Photoconducti_ e surfaces broader character-
possess spectral

, _ _stics than photoemitters, but their low light level sensitivity is limited primarily

I [! by dark current; i.e., current drawn in the semiconductor under conditions of no

•. _ incident illumination. It will be seen later that dark current limitations prevent
most photoconductive sensors, for example, the Vidlcon, from achieving the re-
quired level of performance of the SMS cloud cover sensor under night illumina-

I f_ tionconditions.Considernow theconstructionand operationofvarioussensortubes
' falling into each of these categories. Photoemissive surface devices are discussed
!ii   rst.

•I 2. Photoemissive Devices

: Sensors falling within the category of the photoemissive devices in-
clude Disseetor_. Iconoscopes, Orthicons, CPS-Ernitrons, Image Orthicons, In-
tensifier tubes, and Image Isocons. Combination devices which may include photo-

, emissive imaging sections, e.g., the Ebicon, have been arbitrarily placed in sub-
i J section C. 4 below.

_i_ a. The Image Dissector
The Image Dissector provides an excellent example of the count-

If ing process which underlies all picture pickup devices. The scene to be transmitted• _.s focused on _ conducting photoemissive surface {Figure 3-3).

i! / M,oN T,c o00s,Noc0,L/ APERTURE

• TERMINAl. / l<:_;:_"_-- ---.,..,..._ ._.._

[ \DEFLECTION _ELECTRON

l COILS MULTIPt, IER

Figure 3-3. The Image Dissector

}

J
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_ Emitted el ectrons are then brought to a focus at unit mag.nl ._:cation at the other end

_, of the tube by a magnetic focusing coil. tIere, the tube is closed except for a small
aperture whose size defihes the dimensions of _h_ final picture resolution element.
The entire picture is scanned across by the deflection coil so that the aperture seesr

_ each portion of it onoe during every frame time. Electrons passing through the

_ aperture ar_ counted by an ele¢.tron multiplier whose gain can be made arbitrarily
i high. At any instant, only those electrons originating in a particular picture ele-
, ment pass through the aperture and are counted by the multiplier. The total number

of electrons passing through the aperture in the time it takes to scan a picture ele-
ment is a measure of the signal output of the device; the square root of this number

:_ is the signal to noise ratio referred to that picture element.

The Image Dissector suffers from poor sensitivity, and is used
only in those applications where high illumination 1Gvels are available, as in the
transmission of films or slides, its low sensitivity is due to the tact that only a
small fraction of the electrons emitted by the photocathode at any one time are
permitted to enter the electron m_ltiplier. For example, if a picture resolution

_ of 1000 x 1000 lines is required, the light level on the scene would have to be one
_ million times greater than if all emitted electrons could be counted. Obviously,
_° integration of all the light falling on the pho_osurface is needed ff high sensitivity

I: is to be achieved. Actual performance data for the Image Dissector is includedin subsection C. 6. Subsection C. 5 contains comparative performance curves.

_'_; Advantages of the Image Dissector are its high resolution
,_ cap_bili_- (greater than 3000 lines), wide dynamic range (3 to 6 orders of magni-
a tudej, linear light transfer characteristic, and absence of a thermionic cathode.
_ With due regard to these advantages, the low sensitivity of this device makes its
! suitability for the SMS doubtful. Section 3 (Problem Areas) contains a further

discussion of this sensor.

b. The Iconoscope

This device is included primarily for the sake of historical com-
pleteness, and for the valuable insight which it provides on subsequent developments
in photoemissive devices. Charge storage is aceompli3hed by what is effectively
a_ elemental array of capacitors. The photoemissive surface is formed on a thin
insulating sheet having a conducting coating (called the signal plate} on the reverse
side. Tube construction is illustrated in Figure 3-4. When electrons are emitted
from the photosensitive target, the surface charges positively at each point in pro-

! _i portion to the light intensity at that point. The charge accumulated at each point
i _ is then converted to a video signal by a scanning of the surface wi_n an electron

•,' I beam, As each charge element is neutralized by the beam, a current is induced
[ _, in the signai plate proportional to the total charge. The basic image-storage'-scan
'.. i, sequence described here is common to most video sensor tubes in use today.

i _i The Iconoscope's inefficiency arises largely from the high veloc-
• _ lty scanning beam striking the target with sufficient energy to yield a secondary

emission ratio greater than unity. The target is driven positive (a result which is
not ,mdestrable) but the seconda_y electrons produced by the scanning beam fall
back on the target in unscanned regions, thereby partially erasing the picture stored
there. In addition, more secondary electrons land near the center of the target
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I than elsewhere, producing shading Jn the picture. Efficiency of signal genera-.tion in the Iconoscope ls only 5%of what might be realized if all primary photo-
electrons could contribute to the video signal. The weak collection field used to

[} gather photoelectrons in the tube also prevents attainment of fully saturatedemission, and further contributes to the low efficiency of the device.

7' PLATE /"ii

I I _ _'MAGNETIC DEFLECTION YOKE

[l __
_ -

Figure 3-4. The Iconoscope

!i'. c. The Image Iconoscope

f The Image Iconoseope differs from the Iconoscope in that it

combines an imagh_g section with a ht_/h velocity scanning beam, The electron
- image is generated by a co_ducting photocathode (Figure 3-5). Sensitivity is
, r improved 5 to !0 times over the Iconoscope because _he conducting photocathode ,

I is more sensitive than the ._nsulating target surface, and also because the electroni
image is amplified by secondary omission at the target. Otherwise, operation
is substantially the same as in the Iconoscope. Performance characteristics corn-

l] pare with those of the Orthicon which is described next.
The Ic_noscope was displaced over 20 years ago by more s_nsi-

tive tubes for commerci'_l broadcasting, and is no longer manufactured in this
country. The Image Iconoscope '_s still used in Europe, but it is also _aing dis*
placed.
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_' PHOTOCATHODE /TARGET

_: ./A,\ SIGNAL LEAD

,'. /f

_.

_ ELECTRON GUN

_-

_!_ Figure 3-5. The Image Iconoscope
_,
,_i_ The relatively poor performance of both these tubes com-

_, pared with other tubes currently availah!e and in production in this country,_ coupled with their massive size and relatively fragile construction, render
_: them unacceptable for satellite application. No further consideration is given

to either of these tubes in the remainder of the report, with the exception of
_'_'_:' some comparative performance curves in subsecticn C. 5.

_ d. The Orthicon

: The Orthieon represents a substantial improvement in perform-
_,,. ance over the basic Iconoscope design. Spurious shading and incomplete ulitiza-

tion of storage in the Iconoseope both result from the impact of the high velocity
scanning beam: the low velocity beam used in the Orthicon eliminates these de-

ii fects, With this low velocity beam, electrons may be deposited only where a
i_. positive picture charge exists, in a_ amount equal to the positive charge; there i,_
_. little or no interchange of electrons between different parts of the _,arget. In

_ addition, a strong field may now be set up to efficiently collect electrons from the
photoemissive target.

While the advantfiges of a low velocity scanning beam are appar-
ent, such beams are difficult to control in practice. Tt'.e beam may easily ke
defocused or deflected by stray charges in the tube, and even by the picture charge
on the target itself. In addition, the beam must be deflected so as to approach the
target normally. The Orthicon accomplishes this by using a uniform hr_gnetic
focusing field extending the lull length of the tube. In early Orthicons (Figul
3-6) slow speed vertical deflection was accomplished by a pair of deflection coils,
while high speed horizontal deflection was obtained by a pai, of shaped plates.

r
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Il Later, improvements in deflection circuits made pc _sible a simpler design,in which both horizontal and vertical deflection is obtained by the use of deflec-
tion coils°

I'it
f-

l TARGET
\

_J/l'/////"///-//'2/'/_"7-////('J/'>/=--/'_ ,.SIGNAL PI.ATE

i FOCUS.. _ HORIZONI"AL N VERTICALCOlL t DEFLECTION " DEFLECTION
PLATES COlLS

I
I I

•, _ Figure 3-6, The Orthicon

In operation, the sce.m is imaged, on a photoemissive, insulating
target, allowing a positive charge pattern to _ e_' abhshed. The scarming beam
approaches the target with ve_, low velocity. Where a positive charge e:dsts, some
electron_ in the beam la_d on the _arget, neu_ra]izi.ug this caarge. The signal

'i plate on the opposite side of the target senses the fraction _f beam current which
i lairds on the target, and transmit_ this signal to the amplifier.

The output is proportional to incident ligb_ intensity o_er a wide
range. Low light level operation is limited p_m_rily by TV amplifier noise; at
very high light levels, the scanning beam is easily defocused and deB_cted by
potential differen._.es or. the target.

Perfor,. _nce linearity and freedom from spuricas shading re-

sulted in wide use of this tube in this country and abroad for commercial broad-
; casting in the 1940's. On toe other hand, t_e limited signal range of tbe tune

caused urobler,_P in reproducing ucenes having a wide contrast range. _'ux_her -
more, since the cathode potential of the target is metastable, a sudden bright
flash of l_.ght can charge the target to the point where it is locked by the scamping
beam to the relatively s_able potcnf:tal of the an:_de. & subCtant}al period of time
is then required to return the target to cathtxie potential. Due to th,_se limitations,
an,l the existence of superior tubes of o_hor type% the Orthicon is not considered
further in this report. An improved design, the CPS-Emitron, _.s di_cussod below,

"1

1
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7, e. The CPS-Emitron

The Orthicov. was introduced in this country commercially in
_ 1940, and _uperseded a few years later by the Image Orthieon. Further work
. was done on the O_hicon in Eaglax_d, however, where it is called the CPS-

EmRron° A diagram of an improved CPS-Emitron is given in Figure 3-7.
#
Y

5]

:: FOCUSING COIL

J

;_: GUN \ TA_GE T

15E.Z,  _.A / / / / / / / / 2'3

,_,:,: ....

s%#
:).:;

DEFLECTION YOKE STABILIZING MESH

<-_:

_ Figure 3-7. _I"aeCPS-Emitron

',",. This tube produces high quality pictures and is used in some commercial
_;: broadcasting. Recent improvements include the incow, oration of a high sensi-
_i tivitytri-alkali (S-20) photosurface in the target, and the use of a fine screen,
_ closely spaced from the target, on the scanned side. The S-20 photosurface
_,_ improves sensitivity by a factor of three over earlier versions of the tube, whi_e
,:_ the screen prevents _he abovernentioned unstable target operation characteristic_t]_.

_._ of the Orthicon.

_,_ Detailed operation of the CPS-Emitron will not be considered
here, since it is essentially the same as that of the Orthicon. In its present form,
this tube represents a significant advance over earlier versions of the Orthico_:,
and some perfcrmance data is presented in subsection C. 5. However, because
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11
i other tube types of comparable or _uperior performance are more readily avail-able in this country, no further serious conrideration is given to the use of this

tube in the SMS sensor system.

[! f. The Image OrthJeon

The TV :ube most often used in commercial broadcasting today

i i is the Image Orthicon. Developed nearly 20 years ago, the Image Orthicon andtubes developed from it provide the highest sensitivtt_e_ yet attained for most
adw..need _pplications° The tube owes its high sensitivity to the use of an electron
image section and a signal multiplier.

A cross sectional diagram of the Image "- "__",, . presented
_n Figure 3-8. The scene Is imaged on a semitransp_.c;, "-_c,_ __ photocathode
which is deposited on the inside face of the tube. Er_ ._" _;:_:_t_ _, :o_focused
by the coil, _nd accelerated to form an electron im_ :/, :_,_ ':_..... .

i

AUGNMENT CO_L FOCUS COIL

ELECTRON _ ELECTRON

, ', .... -- SECT,ON

- -- . _ _ _ ,_ -

DEFLECTION YOKE TARGET

Figure 3-8. The Image Orthicon

surface of the t_rget may be processed to give it a secondary emission ratio
_, _ substantially larger than unity. The charge stored on _he target can thu_ be
greater than that of the emitted electrons by a factor (_ - 1), since Telectrons
are emitted from t_hetarget per incoming (trapped) primary photoelectron. A
fine mesh target screen collects secondary electrons and serves as a signal
plate in determining target capacitance. Target potential becomes a few volts
more positive in the lighter areas th_n in the darker regions, giving t_e same
polarity charge pattern which would appear if the target itself were photoemissive.

3-13
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: _ A low velocity electron beam scans the reverse side of the
i i' target, depositing electrons in correspondence to scene brightness. The resis-
• _ tivity and thickness of the target film are chosen so that lateral leakage does not

I degrade resolution, while trazAsverse leakage through the film is still adequate
_ for olectr(ms deposited by the beam to neutralize the picture charge in one scan
_ period.

_ While a video output signal could be derived from the targetf

mesh, operation is actually achieved by passing the modulated portion of the

scanning deposited on the target back into an electronbeam which fails to be

multiplier which is t_Jcat¢_t in the gun region. _is modula_d be_'n Is referred

to as the return beam.
• i_: Return beam signal modulation is generally less than 35% and

provides maximum current in dark areas of the scene. Although beam noise is
_ present iu the output signal and limits sensitivity at very tow light levels, the

multiplier permits operatmn _.¢.signal levels considerably below the noise levels
. _ set by the camera amplifier. A_ higher signal levels, the useful multiplier gain

_ rapidly decreases.

Before 1958, _a_e Orthicon targets generally consisted of a
_ thin sheet of semiconducti-g glass accurately placed close to the target screen.

_' Such targets o_ea show irreversible _hanges after many hours of operation, due

' to ionic conduction. These changes result in image fading, afterimages, andgeneral performance deterioration. When prolonged exposure and charge stor-
_ age are required, as in the present instance, it is advantageous to have a target

if whose lateral resistivity is considerably greater than its transverse resistivity.
_ Since 1958, tubes have been constructed in which the glass target is replaced by• {_-
_ a much thinner film of magnesium oxide, about 500 angstroms thick, but of much
::_ higher resistivity; in addition, tri-alkal_ photocathodes (S-20 response surfaces)
_'_ have been incorporated in these tubes. The magnesium oxide film target meets

._ the necessary requirements of higher resistivity parallel to, rather than normal
•_. to, its surface. Transverse resistivity is sufficiently .tow to ensure a short dis~
:_- charge time-constant for TV epera_ion, .tile lateral resistivity is high enough

to reduce chat_;e spreading over the surface. The result is an improved image
•_ resolution in normal TV operation, coupled with an improvement in integration

capabilii.y. Since magnesium oxide is higMy efficient as a secondary electronemitter, multiplication of primary photoelectrons at the target surface is appre-%

_;_ ciabty greater than for _lass. Further, ionic conduction deterioration effectsare not found in such targets, re.suiting in improved tube aging characteristics.

_:: Considerable data is available on the performance of Image
,_;: Or_hicons, including tubes containing glass and magnesium oxide targets. General
_ manufacturers' data are presented in subsection C, 6, Curves comparing tm_ge

_ Orthicons with other tube types ma.: be found in subsectton_ C. 5 and F.

g. The Im_ge Intensifier Orthicon

The Image In*_ensifier Orthicon represents the c_csest approach
• ! yet _cbteved to the theoretical performance of an ideal pickup tube at low light
• _, levels. Figure 3-9 show_ a cross-sectional drawing of such a tube. Primary

electrons are electros¢atically focused onto ¢.he first intensifier screen. This
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l J
screen is a glass membrane coated on the image side with an aluminum-backed

! layer of fluorescent material; the other side is coated with a pho_ocathode whosespectral response matches that of the phosphor. Photoelectrons penetrate the
film, producing fluorescence i_ the phosphor. In Lure, the fluorescence excites

[I photoemission from the sensitized surface.

, , THIN MiCA ELECTRON

;-J _'.¢rOCAI'HODE._/ /.PHOTOCA.'_o_/-M_I._SRANE _.SC_.IN_
THIN (_.N;S ELECTRON / SEAM

FORMATION -,, " i
. VIDF-O

i SIGNAL

.'-*_ / $CR_'EN

i i / PHOSPHOR,./ SCT-t'EEN/ PHOTOcATHODE

IMAIE --IMAGE t 4 ' , J l j
FORMATION FORMATION |NCHE_

.1

Figure 3-9. The Image Intensifier Orthicon

I i With several thousand volts between cathode and intensifier
_._

screen, each primary electron can cause 10 to 20 emitted electrons. The en-
tire process may be repeated in a second intensifier section, with similar gain°

i l (Figure 3--9 shows such a two-stage device. ) Additional stages may be added,! but there is little advantage in going beyond two or three stages, as will be made
_lear shortly.

For a two-stage intensifier, then, each electron teavi_g the
: first photoeathode will cause about 100 *_oleave the last cathode and impinge on

the target; each of these will produce about 5 secondary electrons h_m the
target. The target era thus be fully charged and peak white produced with a
primary optical Image intensity 1/100th of tlmt required by the conventional
Image Orthicon. Each primary photoelectron could produce about 50_ electron

' storage charges on the target, ff all its daughter electrons were to reach the
! target. In practice, about 40% of these electrons are intercepted by the _arget

mesh, so that only 60 eAectrcns reach the target surface, to pxoduce about 300
4 .electron charges on the target by secondary emission.

i

After deposition on the target,, stored _harges are read out by
' muanf_ of the usu_ low velocity Image Ortldcon beam, and the modulated return

[[
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beam sigm_l is passed into an electron multiplier as in the Image Orthicon.
A total gain of several hundred prior to scanning is sufficient to rai_.e the
stored aign_! le_ el to a point where fundamental noise from the primary photo-
cathode exceeds the scanning beam noise. Since this gain is reached in a two

_ or thl_.e stage intensifier, there is litt.le purpose in adding additional stages.
• - Although a picture obtained at very low hght levels is inherently noisy and

' limited in resolution, the Image Intensifier Orthicon approaches the ultimate
-t. in performance under these conditions. At higher light levels the signal to

noise ratio is comparable to an Image Orthicon having the same target capacit-
ance, but resolution deteriorates through the successive imaging processes.

Actual performance data, comparing Image Intensifier Orthi-

cons both with one another and with other tube types, are given in subsections
,_ C. 6 and F, respectively.

._ h. The Image Isocon

i The Image Orthicon suffers from two serious disadvantages
in obt_2ning optimum sign_ to noise performance under low light level conditions:

! the beam modulation is comparatively tow (approximately 35%) and the signal
[ polarity is inverted (i. e., peak return beam current corresponds to black in the

imaged scene). Since both faults arise from the beam scanning mode, some
_' other mode of operation appears to be desirable.

"_ The Image Isocon's operation is based on the scattering of
_• tow velocity electrons by the target. Although a low velocity Image Orthicon-

type beam is used, only the fraction of the return beam which has been scatter-
ed by the target is admi'ted into the multiplier. Since most of the electrons are

_; scattered by the most poMtive areas of the target, and none from the dark areas,
_ the scattered beam han the d::sired polarity, and, theoretically, close to 100%

•_ modulation can be achieved. Signal polarity inversion is achi6ved here without
_ : interfering with the _harge pattern polarity on the target. (Othe_ ways of obtaJn-
_ ing the desi__ed polarity in the video output signal of Orthicon-type tubes have

_: been proposed from time to time, but these have generally involved tampering
•_ with the target's stored charge polarity and distribution, which is undesirable. )
_. An additional advantage of the Image Isocon is that the target surface can be made?
._ to ha_,e a reflection coefficient greater than 0.5, resulting in an actual signal
"= gait,,

_. Image Isocon scan offers an attractive alternative to Orthicon
re_urn beam scan, (Indeed, as sh_ll be seen presently, it is possible to combine

• _. both scan modes in a single tube type, and operate in either mode, as desired. )
; The advantages of _he Image Isocon mode are high signal mo&fiation, high signal
_ to noise ratio, capability of handling an extremely wide dynamic range in a single

scene, and a signal polarity which gives a minimum output signal for minimum
{, photon input.

The cost of theoe improved characteristics is increased elec-
tron optical complexity, sin¢e the electron optical conditions for separating
diffusely scattered el ectrons from those which are specularly reflected from the

: target are rather critical, in the Image Iso.:,,n illustrated in Figure 3-10, separa-
tion is carried out at the rim of an aperture placed a_n sntinode position in the

i
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return beam. A screen on the scanned side of the target is used to provide

i uniform decelerating field, since loss of resolution and spurious signal genera-tion may result from beam bending near the target.

•i/i
Ig']

"'' T.IJ SEPARATION SCATTERED

ELECTRCDE '_TRONS
I \ I "_ FOCUSING COIL 1

• i.; , Jl 1'
'Ira" o,, A .

_-- r-_ I t I,,- _ j

i REFLECTED STEEI_NG STORAGE.__ ELECTRONS ELECTRODE TARGET

f_.

Figure 3-10. Dual Operating Mode Image Isc?on

The tube shown is operable in an Orthicon scan mode when an
axially-aligned scanning beam is used. The separation aperture is s,_fficien_ly
large for both scanning and return beam to pass unhindered. Isocon operation
is achieved by perturbing the magnetic field with the alignment coil to produce
a fixed transverse velocity component in the beam. Steering fleIds force the
retun_ beam to straddle the edge of the separation aperture at a point where the
bulk of the scattered electrons is closer to the tube axis than the retarn beam
reflected electrons. Flexibility in selecting the poin_ along the aperture edge
where separation is to occur pezunJt_ establishment of optimum operating condit-.
ions. Since the steering field cannot easily be made uniform over large cross
sections of the tube, steering is applied at a nodal point, where deflection is
small.

Orthicon n_ode operation for the tube illustrated is said to be
: no more difficult to adjust than in the regular Image Orthicon. Transition from
i the Orthicon to the Isocon scan mode may be made without interrupting the output

signal, makln_ this mode easier to establish in the combined tube t_han i_ single_
puz_ose Image Isocons. The large opening of the electron multiplier J_ a pote n-

( tial drawback, since spurious signals may fled their way back into the multiplier
! section. Tubes designed only for Image Isocon operation do not suffer from this

drawback.

I_
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{' Althougil 100% modulation is theoretically possible, spurious

, scattering of electrons from surfaces within the tube limits beam modulation to
., about 85%. Even in its present state oi development, the Image Isocon has im-

proved the signal to noise ratio 2 to 3 times over a wide range of light levels
below the full target charge region. In addition, the Linage Isocon has provided
at least an order of magnitude reduction in low light level threshold: an order
of magnitude greater dynamic range in a single scene; and higb2ight resolution
which .is comparable to that of m_ ordinary Image Or_hicon. Comparative perform-
ance data are presented in later sections of the report, but it is clear from the
foregoing discussion that further development of this device seem,'_ a desirable
step in the effort to achieve the ultimate performance with pickup tubes.

3. Photoconductive Devices

When considering devices other than those discussed above, the
distinction between photoemission as an imaging medium and other techniques
becomes somewha_ obscure m_.d arbitrary. Consequently, attention will Low be

. given to techniques which are clearly photoconductive. Combined or special
sensors are discussed in subsection C. 4.

a. The Vidicon

The potential advantages of sensitivity and .;.educed complexity
of a photoconductive camera tube were recognized years ago. Photoconductive
and pbotovolta'.'c tubes were investigated extensively during the 1930's, but none
of these even began to compete in sensitivity with the Ico_oscope, which was
then available. (This, even t:.t,.tgh the latter tube t:vpe is quite inferior by current
image star_dards.) Photoconductive surfaces for pickup tubes were discarded
until t'ie advent of semiconductor devices in the late 1940's.

-;" The Vidicon, resulting from this recent development, has gone
". far to meeting its promise of reduced size ,and operational simplicity. Whil_

Vidicons have not yet equalled the. sensitivity of the best photoemissive tubes
described in subsection C. 2, some recent Vidicon-type devices are begim_ing to
show considerable promise even in this direction.

},

The most common form of Vidicon, shown in Figure 3-11, is
a tube 1 in. in diameter by 6 in. long, magneticallydeflectedm]d focused, con-
sistingprimarily ofa gun and a target. More recenttubes, which are discussed
in subsectionC. 6, have included 1/2 and i-1/2 in. diameter versions, as well as
electrostaticmodel s.

•I- In operation,the gun project,,a beam of electronsalong the tube

axis. This beam isfocused, aligned,and deflectedby the magnetic coilsshown in
• the illustration. The beam travels in a field-free space as far as the mesh. The
. end wall (l?igure 3-12) of the tube .is a fiat glass plate which has a conducting trans-.

parent coating, the signal plate, on its inner surface. This coating is connected
conductively through the ring to the signal resistance, and through a capacitor to
the grid of the first tube in the preamplifier.

There is a thin layer of photcconduntive material on the conduct-
ing signal plate; amorphous ,_elenium or antimony trisulfide is often used. This
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layer is about 1 micron thick, so that light fro:n the image formed on it by the
lens penetrates substantially through it, and lowers its resistay _c. When _o
light falls on the photoconductive layer, its resistance is high, and its front
surface will be maintaided at catltode potential by the continuous scanning action
of the beam. However, since a constant positive potential (of somewhere be-

-' tween 10 and 40 volts) is maintained on the other side of the photoconductive
l_yer by the signal plate, a small positive current flows through the photo-
conductive laye,', driven by the continuous scanning action of the beam across
the free surface of the layer. This steady dark curr_:t depends on the poten-
tialdifferenee maintained across the photoconductive layer. It must be small
compared with the signal current_ and uniform from place to place or, the

_, photoconductive surface, otherwise it will contribute noise and shading to the
video output signal.

When a scene is focused on the target, its conductivity in-
creases in the bright areas, causing the scanned surface to rise positively a

: few volts during the ir.ter_ral between scans. The beam deposits sufficient elect-
,' rons to return the scmmed surface to ground potential, and in doir_g so generates

:_ a video signal iu _he sig,lal _late lead. The target is sensitive to light during the
entire frame time, permitting full charge storage.

• ',1 _?The be.st photoconductive material avaLa_ ,_ present has a
response time that is appreciably greater than the frame _imc ,.sed in standard
TV opt.ration. Thus, there is some lag from one picture frame to the next. and
this constitutes the main limitation in tube sensitivity. This lag can become
objectionable in nonv.al televising of movh_g scenes, if more than 5% of the sig-
nal properly belonging to one scene is carried over to the next frame. This may
be due to two different causes: 1) the scanning beam may be unable to discharge
all the charges built up on the mosaic, either because of lack of beam current
or because the target has too high a capacity; 2) the photoconductivity excited in
the dielectric layer may persist, and hence allow charging current to flo_ for
more than one frame period. In the Vidicon, the latter is the main cause of lag.
The greater the average illumination on the di_'lectric, the greater the percentage

• decay in induced conductivity in a given period of t_me. Thus the lag effect is
_- lessened for brighter images, and becomes more serious as the scene illumina_

tionis reduced. In1present Vidicons, it is the incidence of unacceptable lag which
sets a practical limit to tube sensitivity, since this becomes objectionable for
mowng targets before the signal to noise ratio becomes excessively low. Fo_
general TV purposes, a target illumination of ] lumen/squaie foo_. is required;
but if the object is not moving, 'tnd lag is unimpoltant, the light level cm_ be
reduced by an order of magnitude below this figure before amplifier noise begins
to be objectionable.

Currently, the Vidicon is used in applications where its smaller
size and weight, lower cost, and simplicity of operation make it more desirable
than Image Orthicons. Such applications range from industrial surveillance and
processcontrol to commercial broadcasting and scientific satellites. For remote
operation its size m_d simplicity are advantages, but _mder poor lighting conditions
picture quality is inferior to that produced by an image Ortbicon because of noise
and l'tg.
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_ SmMler experimental Vidlcons using the electrostaticprinciple. are under development; these tubes promise to advan. _ the sensitivity and perform-
ance of Vidicons considerably within the next few years, Data on pezformance of

i existing tubes, as well as comments on the _ ewest experimental devices, arc pre-
[ ? sented in subsection C. 6.

• . 4. Special and Combined Devices

Devices discussed in this subsection either represent combinations of
sensor eiem_mts previously considered in subsections (3. z and C. 3, or use tecb-

i niques which thus far have not been described. An example of the latter is the use
of materials which become conductive upon bombardment by prima_'y electrons,
or upon emission of secondary electrons. In some instances, little more than the

• - basic design parameters have been set forth, since most of these devices are in
experimental or earlydevelopmentalphases. Consequently, it is not possibl, to
represent many of these tubes in diagrammatic form, and data is sketchy at best.
Where sufficient information is available, and the sensor appears to hold promise

, for the SMS application, a generalized discussion is presented here, and perform-
• - ance dataare includedin subsection C. 6. Where information is inadequate, or

where the device does not appear applicable in its present form for use in the
: cIbud cover sensor package, all available information is presented in this sub-

section.

a. The Permachon
}

"" The Permachon is an opticalinput-electri,;aloutputstorage
tube builtby Westinghouse, which uses a specialphotoconductivestorage mater-

ial. When exposed to light,locallongitudinalresistivityvaries with incident
lightintensity.When scanned by an electronbeam, the originalvalues oflongi-

tudinalresistancedue to exposure are regeneratedor maintained for a consider-
able lengthof time. In no:'malphotoconductors, resistivitybecomes stabilized
over the entiresurface of the material afterseveral passages of the scanning
beam.

The Perm&chon photoconductivesurface can thus store an

: optical image for substantial periods of time, and then peI_nit the image to be
electrically read out, with what is claimed to be little or no loss of image fidelity.
New inf,_rm,o.tmn may be stored only after erasure of the old image, a process

• which _akeL. anywhere from a few milliseconds to several seconds to accomplish,
depending on the erasure method. Rapid erasure requires that light from a fiat
field source impinge on the Permachon faceplate; a minimum illumination of 20
foot-candle-seconds is required. A second method involves switching off the
beam [o: a period up to 10 seconds. Note that even in a slow readou_ system
the beam would have to scan the sensitive surface continually, to prevent erasure
between readout scans.

Two _)asic tube types have been developed thus far: the WL-7383,
" which is similar to a 1 in. Vidicon in stracture and operation; and the WX-4025,

which is a 3 in. tube using Image Orthico.n focus and deflection coils, a return
beam mode of operation, and an elect:-on multiplier.
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Sensitivity of the semiconductor surface is rel,-_. '.vely poor; a
minimum, of between 0.2 ,-nd 0.8 foot-candle second tlluminati_u is required
on the faceplate for adequate performmlce. Maximum limiti,,g z'esolution ,s
claimed to be 1200 TV lines for the 3 in. tube; the 1 Lu. tube will resolTe 600
TV lines after 5 minutes of storage, and 450 TV lines after lfi. minutes. Due
to its low sensitivity, the Permachon is not considered to be particularly use-
fui for SMS application.

b. Th_ Ebicoi_

The Ebicon, developed by Westinghouse, might be described
as a Vidicon with ma image storage section. The storage target is a thin insulator
whose conductivity changes when bombarded by high energy electrons; such a

" m._terial is referred to as an EBIC (electron bombardment-induced conductivity)
surface.

A diagram of an early version of such a tube is shown in Fig-
ure 3-13. Electrons from the photocathode are focused on the EBIC targci,,
which consists essentially of a thin insulating layer back,d by :_conducting film
which is thin enough to be easily penetrated by electro_;._. A low velocity beam
from the Vidicon section scans the surface of the insulator, producing a high
field across the layer, and extracting a video signal from the conducting film.

PHOTOCATHODE EBIC TARGET

o
_ X_._

-- .......
)=

" T I Jl' _ ....... __

F
'' __ _ _ VIDEO SIGNAL OUTPUT

i

Figure 3-13. An Early Version o_ _..mEbicon
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The additional energy produced by the image section y[eld_ a
tube which is intermediate between the Vidicon and the Image Ortbicon in sensitiv-

"" ity. A storage time of 60 seconds or more should be possible, with a comparable
readout rate, but target uniformity and structural support problems must be
solved before this tube type can be seriously considered for space applications.

With a higher gain target and a return beam-electron multiplier
readout, the sensitivity of this tube could probably be improved to approach the
limits imposed by the photocathode; however, these modifications have not yet
been made. The relatively high target capacity permits a high signal to noise
ra_io at iarge signal levels, but may cause poor modulation and .... "...._.pa_l,.,v ": lag

at very low levels, Target thickness cannot be made arbitrarily large, sl.ace
the bombardment electrons must penetrate the layer to yield maximum gain.

Westinghouse currently manufactures an Ebicon which is
optimized for the visible spectral region. This tube, the WX-4772, is slightly
shorter than the usual 3 in. Image Orthicon, and has a 3-1/2 in. diameter
imaging section. The tube is electrostatica]ly imaged, focused, and deflected,
and has a field flattener built into the faceplate. Electron optics and target size
tend to limit resolution, which is currently about 400 TV lh_es at 10-2 foot-
candle _hotocathode illumination; the operating threshold is about 10-5 foot-
candle. Two other _,nbes, the _h_X-4532 and WX-4791, are also available. Both
possess ultraviolet-sensitive photoc _.thodes, and are can ed Uvicons, the former
is identical in design to the WX-4772, while the latter has a magnetically focused

" and deflected scanning section which provides superior resolution. Presumably,
.. the experience gained in developing these tubes would enable Westinghouse to

design an Ebicon with a magnetically focused and deflected scanning section,
resulti:,g in improved performance over that of the WX-4772, Based on Image
Orthicon experience, the same comments would apply to the development of an
Ebicon with return beam-electron multiplier readout. Since the results of such
a program would be a tube which, at best, might approach the perfora_,_ce of
current Image Orthicons, this tube type appears to offer no "eal advantage over
Image Orthicons for the SMS application.

c. Solid State Imaging

At least two de,'ices using sold state imaging are currently in
early stages of development. The first, which is more properly an image intens-
ification device, uses alternate layers of photoconductive and electroluminescent
materials. If the target of an 'rlntensif'er Vldicon" were to be so constructed,
light imaged on the first photoconductive layer would be amplified and possibly
shifted in spectral content within the electrolumineseent material, and would
excite conductivity in the second photoconductive lnyer. This layer could then
be read out by a stmldard Vidicon beam section. Yvqafle attractive in principle,
materials presently available _'ould not yield a significant improvement in sensit-
ivity over current image tubes,

The second im_.ging system, currently under development by
Electro Radiatl<,n, Inc. (under contract to Jet Propulsion Laboratories) sand-
wiches ferroelectric and phutoconductive layers between thin film transparent
conductors, in an imaging matrix system. A pulse is applied during optical
imaging, which changes the polarization of the ferroelectric layer in accordance

i
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• with incident light intensity. While readout is presently accomplished by a i
flying spot scanner, later developments will include an electroluminescent
layer to complete the imaging.

:Readout mechanization is complex, and the device suffers
from sensitivity limitations since it uses photoconductivity as the imaging " "
mechanism. The device is several years away from realization as a practical
image tube, and is unusable in the SMS program in its present sta_e.

d. The Intensifier Photoconductor Tube

In principle, it should be possible to construct a device which :,
combines an intensifier front end with Vidicon readout. Optics Technology, Inc.
is reported to be developing such a system by coupling an image intensifier, ..-
through fiber optics, to what is apparently a Vidicon-type piclw, p tube. In prac-
tice, such an intensifier Vidicon should have performance comparable to that of ""
the Ebicon, although ,¢_h_, optics coupling losses may tend to degrade it some- ..

' what. Even with a front end gain of 100, Intensifier Vidicon-type devices could
not equal the sensitivity of current Image Orthicons, and w_ d possess the --
additional disadvantages, for space applications, of requiring high voltage for
op e ration. -_

(

e. The Pauicon

During Republic's SMS study program, the Itek Colporation }
proposed the development o; a ne;_' image tube, which they designated the Paniccn
(for Panoramic Image Cot,_verter). The tube would be a Vidicon-type image con-
verter with a built-in rotating storage drum. The purpose of tLe drum is three-
fold: 1) it isolates the imaging section from the scanning section, preventing :.
field interactions between these regions; 2) it permits readout to be made from the
same side of the surface on _,hich the information is written: and 3) it permits _ "
image motion compensation in a spinning satellite, by suitably synchronizing the
rotation of the drum with the rotation of the vehicle° Two separate drive motors
are provided for drum rotation, so that exposure and readout times may be in-
dependently selected and controlled.

Two different sensor designs have been formulated; one w_uid
operate in the visible spectral region, while the other would function in the in_ra-
red. The bas_e tube is shown in Figure 3-14. In the visible light sensor, the ..
imaging surface is photoemissive. This surface converts the optical image to an

equivalent electrical image whlcl_ is impressed ca the sto_'age drum and read off
by a scanning electron beam. The im._ging surface for the infra_ed system is
a bolometric, mosaic-type drum, having a comparatively short storage time.
Bolometric detectors a:e available, w_th tim_ constants ef 0.01 second, which
could be built into such a sensor drum. The visible regioh _anicon drum wo .ld i
be constructed from an insulator which is either secondary electron emissive,
as in the Image Orthicon, or an EBIC material, as in the Ebicon.

Readout could be accomplished either with a direct beam Vidicon- !
type gun, or with a return beam-electron multiplier Image Orthicon gtm. To some
extent, the readout mode depends upon dm charge storage mechanism employed.

The usual type of secondary emission storage surface ,_ould not properly be read i

f
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out by a Vidicon-type scan. The EBIC surface, or a coplanar grid, seconua_,
i. emission surface, would be compatible with the Vidicon readout.

DRIVE MCTOP,
PICK-UP

DRUM

SURFACE

ELECTRONBEAM CbN ---'_
|

FOCUS SOLENOID Ii
: ]

" " .J _MAGE _ READOUT SE3TIO;I 1
ISECTION _ DRIVEMOTOR

READ-OUT

OUTPUT

LEAD
STORAGE_.._==
SECTION

Figure 3-14. The Panieon

-- It is estimated that t: Vidicon-type scan, with magnetic focu_
j and deflection, would consume less than 2 watts. Scans of this type are avail-

able in either electrostatic or magnetic modes of operation. The eIec', rostatic
mete which is estimated to require less _h_l 1/2 _-._tt, is a far simpler, inher-
ently more stable system. An Image Orthicon scan, magnetically rocuaed and
deflected, would require sevei'al times tile power. Regardless of the scan mode,
the image ._ection would probably be magnJtically focused.

Photocathode pulsing would be used to compensate for va,.'iatio,lE
in scene illumination ever a ran_;e of three ozders of magnitude. I_ek estimates

' that the Panicon wou'd fall somewhere between the Image Orthicon and the Vidi-
co_ In sensitivity.

In spite of its m,my attractive features, the Par,icon _s or,,v
i;, the con2eptual stage _nd mal_y formidable problems await ,',olution before s _r-
i,_us consideration may be given to its _.pplicati_a in the SMS system.
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f. The Astracon

A family of image intensifier tubes, named "Astracons" by
Westinghouse, is included as being generally representative of intensifier tubes
whieb are currently available. All these devices may be considered light input,-
light output transducers.

Typically,the Astracon consistsof an inputphotoemissive
surface, four or fivestagesoftransmission-secondary-emission electronmulti-

plicationin a dynode section,and an outputphosphor screen. The tube is magnet-
icallyfocused. Neither electronbeam scanning nor charge storagetakes place
withinthe device;itcan only act as a photon multiplier.Many Astracons have
sufficientgainto be capable of registering__inglephotoelectronsas visible
scintillationson the outputphosphor.

The WX-4826A tubehas a cesium-antimony S-9 photocathode

and a P-11 outputphosphor screen. The tube has a brightnessgain of 20,000

and iscapable of resolving1300 TV linesperpicture diameter, on a 1 in. diam--
eter screen, at a highlightilluminationof 10-_ foot-candleon the photocathode.
The WX-4826 tube is similar in design and construction,but has a lower bright-

ness gain (4000)and lower resolution(1100 TV linesper picturediameter).

The WX-4342 and WX-4701 tubes have cesium-antimony S-11
photocathodesand a P-ll outputphosphor screen, matching the spectralresponse
of other photosepsitivedevices and photographicplates. The WX-4701 tube has

a brightnessgain of about 2000, while tl:eWX-4342 tubehas a gain of 400, since

ithas oldy four electronmultiplierstages. Each tube gives 600 TV linesper
picturediameter resolutionatlow photocathodeillumination.

_Vhileusefulfor many Earth-based applications,a lightoutput
signalisundesirableinthe case ot the SMS, sincethissignalwould then have to

be viewed by a video caxnera for data transmission. Additionallightloss between
the im*eusifier and the wdeo sensor would tend to degrade resolution performance,
Finally, the high voltage (typically, 30 to 36 ICy') and high magnetic fields (400 te
600 gauss) required for operation make the tubes undesirable for any satellite
application. Adequate image intensification would normally be available in the
imaging section of Image Orthicon or Image Isocor type tubes te meet the require-
ment_ of the SMS program.

g. Dielectric Tape Camera

RCA's Astro-Electronics Division is developing several electro-
static tape cameras which are capable of electrically storing an optical image for
long periods oi time. The tape can be stored for future readout o _ can be read-

out immediately. Readout can be made nondestructive (which might reduce resolu-
tion)or partially destructive. The tape is erasable in less than 1/2 second and can
be reused many times.

RCA is developing a 35 mm tape camera sysLc,." fo:" NASA to be
used in the Nimbus program. Also under development is a 70 mm tape camera for
the Air Force (which is also sponsoring developments in improved tapes). Inform-
ation was obtained only in those areas where no security classification was involved,
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; which restricted data gathering to the NASA sponsored program.

The electrostatic tape consists of four functionally separate
-_ layers:
i

A transparent cronar (Mylar) supporting layer

"" A trausparent coedueti,',g backing layer of gold

-- ._.... _,, qu_x_tu_ et':_.e.%ncy photoconductive layer
_cvc'h :, _ "..t.ir_ ay selenide)

:. J_:. _{-r of pure polystyrene, in which
_* :" ,g_. - to_'ed

_- 'zhe galcl backing electrode is brought out along the edges of the
_- tape, which simplifies making contact with the backing electrode and also spaces

adjacent layers to prevent physical contact when the tape is rolled up for storage.
i:" The optical image passes through the transparent supporting and backing layers,

and is focused on the photoconductor. The polystyrene layer faces an electron
gun.

Prior to using the dielectric tape, it must be prepared by scann-
ing the insulating layer with the electron gun while simultaneou,_ly illuminating the
tape with unifo_ light, approximately two to three times greater than the expected

I highlight illumination of the s_ene. The electron gun used can be either the read-out gun (which is a finely focused beam) or a separate flood gun. In this "prepare"
mode, the potential to which the dielectric layer is to be charged is established.

The energy of the flood gun is sufficient to liberate secondary electrons from the
.. _. target (which are gathered by a collecting mesh). The pho,*oconductive layer is

"" ma£utained conductive by the tmiform illumination, and therefore the dielectric
layer is uniformly charged. All previously stored information is removed and the

:" tape is ready for optical exposure.

To record on the prepared tape, an optical image is focused

upon the photoconductor while the flood gun simultaneously illuminates the dielec-
_ tric layer. The potential stored in the polystyrene layer can now discharge toward

• zero under the combined influence of the flood gun and the photoconductive layer.
_- The time constant of the discharge is determined by the resistance of the photo-
_i conductive layer, which in turn is determined by Illumination variations in the
L_ scene. At the end of the exposure period, the discharge process is arrested

and an electrostatic charge pattern corresponding to the optical image is fixed on
[," the tape.
[.

:_ In the readout operation, the stored charge image is scanned by
[' a finely focused electron beam. As the high energy electron beam scans the target,

_.. secondary emission occurs in the dielectric layer. (The secondary emission ratio
is directly related to the stored charge. ) The output video signal is taken from

_ a signal resistor connected to the backing layer. Readout can also be accomplished

[[ by using standard Vidtcon techniques, or by using return beam modulation
and

electron multip!ication as in the Image Orthtcon,

i'!I!
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Present requirements for NASA are a peak-signal to rms-
noise ratio of at least 100:1 in a 700 KC bandwidth. The primary source of
noise at this time is in the amplifier, as in the Vidicon. Ten gray steps re-
lated by _,_-_are anticipated. The dynarr lc range goal is 32:1 in one exposure,
with a total range of up to 64.1. Measurements of limiting resolution (about
10% response) indicate 90 2W lines per ram, which, on a 25 mm active width
(35 mm tape) corresponds to 2250 TV lines. The primary resolution limiting
device is the electron readout benin. Figure 3-15 depicts the general config-
uration of the prototype NASA Dielectric Tape Camera system. The sensitiv-
ity of the present Dielectric Tape Camera is comparable to that of the Vidicon,
approximately 0.0I foot-candle-second. Improvements 1J,.sensitivity can be
made by adding an imaging section, and using return beam modulation with
electron mui_'Aication. This would, of course_ also increase the complexity
of the device.

In addition to using continuous tape in reel form, RCA has
successfully constructed and tested a Vidicon-type electrostatic cbarge storage

tube, in which the Vidicon target is replaced with a dielectric tape ' +l_et. I

h+ The SEC Vidicon i

A new type of tube(called the "SEC Vidicon") based on con- i
duetion by secondary electrons which are 1tberated by primary electron bombard+

1

men_, is under development by Westinghouse. Experimental tubes of this type
have been built in both electrostatic and electromagnetic versions, using direct
beam readout. The tube consists basically of a photoemissive cathode in an
image section, the SEC (secondary electron conduction) target, and a direct
beam readout Vidicon gun. Photoelectrons are accelerated aud focused onto the
target at a primary voltage of approximately 10 KV. Secondary electrons pro-
duced by the primary electron_ in the dielectric layer of the target result _u a
multiplication of the photoelectron im._ge current. An electron beam reads and

_ erases the resulting charge pattern at the target, generating the video signal. I
/

3

_; Under the tmpact of a primary electron, a large number of
_- free electrons are created within the layer. A fraction of _hese electrons escapes
+:_ from the exit surface of the target and is collected by the wall screen. The re-i.

maining electrons liberated within the target are normally not observed, since
_+ they are absorbed after a number of collisions within the target material. How--

ever, if an electric field is applied across the target, these electrons can be
+ transported through the layer.

The electrons released in this fashion are the free electrons

_ traveling in the interparticle volume of the layer, and should not be confused

I with thePe electrons in the conduction band of the material. This mtatement is
based on response time measurements which show that the response of such a i

i layer is very much faster than that for solid state conduction. In addition to

I free electrons created within the layer, electrons are probably also excitedinto the conduction band. However, their contribution to conduction across the
layer Is insignificant at. normal target voltages, which correspond to a field

+ of only about 1 KV/cm, due to interparticte barriers.
+
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Typical SEC targets developed at Westinghouse are reported to
provide noiseless charge ga2ns of 200 or more, together with fast response.
Limiting resolution of tubes constructed with such targets approaches 1000 TV
iines per inch. With charge integration, performance exceeding that of typical
Image Orthicons (operated at normal TV frame rates} is reported, and signal
to noise ratios of more than 100:1 have been observed.

While the SEC Vidicon must still be considered a laboratory
device, on the bar, is of its performance thus far it shows gre._t promise of com-
peting successfully with both Image Orthicons and Vidicons in time to come. Some
additional experimental performance data is available on the SEC Vial!con, and is
included in subsection C. 6.

5. Theoretical Performance of an Ideal Imaging Device

When a scene is ima_sed upon the photocathode of a pickup tube, the i
illumination pattern consists of a stream of light photons or quanta. The photo-
cathode responds to this illumination by emitting photoelectrons. On an average,

'- more photons arrive at, and photoelectrons are emitted from, that part o_ the i

photocathode corresponding to a bright part of the scene. However, both the .
arrival of photons and the emission of photoelectrons are random processes;
while the average numbers will be constant for a stationary scene if the average
is taken over a sufficiently long time, the number arriving or leaving in a short !
interval may radically depart from the average. By determining how the eye

responds to pictures of random, discrete flashes of light, and by computingd"

statistical fluctuations in the photons comprising the image, a prediction can be t', made of the performance of an ideal pickup device. Several such h_vestigations
have been performed; they are listed in the bibliography at the end of thi_ section.

(-,

_ Reasoning that fluctuations in both light and dark areas must inter-
" fere with the ability of the eye to resolve a pattern, and using d_ta obtained from
_' a number of observers, Coltman described his results by the equation

2-C ) (3-1}
pmin = 1000( -_.

where
Pmin = minimum number of flashes per second required to

recognize a 20 TV line bar pattern at a contrast C

P white - P dark I
C = contrast, definea a_ P white

For an idealbla_kand whitepattern,thepopulationinthedark area,Pdark, in I
terms offlashesper second,is zeroandthecontrastisunity.Pmin isthe
populationinthehighlights(lightbars),referredtotheentirearea ofthetest

pattern, t

! To translate this into TV terminology, assume an aspect ratio of 4:3
! and a resolution N measured in TV lines per picture height. Coltman's equation
l becomes

i (-j
1-
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[J
I_ ._lis is the minimum number of scintillations per second required to resolve

a dark and light bar pattern of N TV lines per pichtre height with a contrast C
between the light and dark bars.

This equation gives the maximum sensitivity performance limit fo_
any tdeal image amplifying -_evice, in which each electron leaviug the photo-

cathode results in a flash of light at the output, assumfl_.g the eye i8 the finnelement Jn the system and the number of flashes used by the eye to perceive the
_ picture sensation is based only on the m_mory time of the eye. The memory time

of the eye has been experimentally determined to be about 0.2 second.

There is now sufficient information to predict ideat imaging perform-
_ ance. All that remains is to determine the number of flashes per second that can

_ be realized from a scene of given illumination. To determine the number of
" _ photoel_rons available from the photocathode per second, the following equa_

tions are used:

t I = SEA (3-3)
SEA

P = _ (3-4)

t where e

I = photocathode current in :unperes, or coulombs per second

I 8 = sensitivity of tt _ photocathode per tmR area, in amperes
per lumen

t E = highlight fllumlnation on the photocathode (assuming theentire photocathode is illuminated at highlight intensity)
in lumens per square foot (foot-candles)

_ A = area of the photocathode in square feet

I e = charge of the electron = 1.6 _ 10-19 coulombs-_'_ P = number of photoelectrons leaving the photocathode per

_ second.

A typical value of sensitivity for recently developed multi-alkall photocathodes

(S-20 spectral response) is 150 microamperes per lumen. Using a 3 in. imagetube with a ,_x 4 aspect ratio and maximum useful diameter of _. 6 in., the
area is 8.5 x 10-_ square feet. Substituting in Eq 3-4,

1.5 x 10-4 co__._ s .fo__.•_ p = lumen x 8.5 x 10 -3 sq. ft. x E lumen

1.6 x 10-19 c°ul/electr_n
P = 8 x 1012E

Substituting this result into Ect 3-2,

N2 C 2
_I-C(2.4)I012E (3-5)
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A plot of this equation is shown in Figure 3-16. It can be seen that
an ideal device cannot resolve better than 150 line_ at 10.8 foot-cax_dle on the
photocathode for a 100% contrast scene. For a reduced contrast of 50%, the
required illumination must increase to 5.5 x 10-8 (5.5 times), while if the scene
contrast is only 10%, the illumination must be increased 180 times.

Io,ooo, ....
IDEAL IMAGING DEVICE t

5 0.2 SEC EXPOSURE TIME _l ..... =_ /
150/z,A/LUMEN PHOTOCATHODE 1
PHOTOCATHGDE DIA. • 1.6" !

2 .... I ..... C=100% _,_

> 5 '''

0 J .,_ .,, _

5 _ ......

:_ 2 r

.............. i_, io I°"9 I°-s . I°"7 156 I6s 154
" HIGHLIGHTPHOTOCATHOr)EILLUB:NATION_ FOOT-CANDLES

_,

_- Figure 3-16. Effect of Contrast on Resolution

¢ A word of caution is necessary concerning sensitivity ann spectral

response. Pho_cathodes are generally rated by exposhlg, them to radiation from
_ a tungsten filament operating at a color temperature of 2870°K. This source is
i set to produce a visible light flux of one lumen on the photocathode, as measured
! by a photometer having a spectral response approximating that of the ,'average"

observer. The measured photocurrent is the response in microamperes per f
lumen, This definition ignores the fact that the tungsten light source radiates
more strongly in the infrared region than it does in the visible, and the photo-
cathode may respond to the infrared as well as the visible. Thus, in theory, it
is possible for a surface to have no visible response and vet, because of its infra-
red sensitivity, exhibit a sensitivity ot 50 microamperes per lumen. The
definition and measur_asnts must be properly interpreted, since the lumen Is a
measurement only of visible radiation.

J
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_ A measurement of the response to 2870°K light is completely useful
only when the light reaching the photocathode from the scene has the same spectral

_= di_tribution as a tungsten light at 2870°K. For all other sources, whenever accurate
_ predictions are required, the product SE in Eqs 3-3 to 3-5 must be determined from:

SE =j 8(_) E(X)d_,

over the wavelength region where neither 8 nor E is zero. S (k) is the spectral

_. respouse of the photocathode in amperes per watt per unit wa,;etength, E (k) is thespectral distribution of the lncident radiation in watts per unit wavelength, and
is the wavelength.

In Figure 3-17 the performance of ideal imaging devices is plotted as
derived independently by Hall and Weimer. There is close agreement between the
performance curves of the ideal devices, although different assumptions were made

in the derivations. Image Intensifier Orthtcon curves are also plotted. It is in-teresting (aud surprisIng) to note that the measured performance exceeds that of
the ideal device over a considerable range of ilhnninatiom This apparent discrepancy

is probably due in part to ,_pectral response in the infrared, as mentioned in pre-vious paragraphs. Additionally, when operating at low illumination levels (and
therefore low beam currents) target lag increases. It would appear that if the lag

exceeds the 0.2 second integration time of the eye, the integrated light fll_ actuallyseen by the tube will exceed that for the ideal device, and the tube will therefore
exhibit higher resolu4on.

_ An additional plot of some interest is due to an analysis by Weimer
(Figure 3-18) which shows the calculated signal to noise ratios for various types of
camera tubes, assuraing in each case the most sensitive photo_.urface ourrently in

I_ wide use. The scanning peril4 _s taken to be 1/30 second; utilizing the 0.2 secondintegration time of the human eye would increase the effective ratios to some extent
at any given value of photosurface light flux. The Image Intensifier Orthicon, wide-
and close-spaced Image Orthicons, and Image Dissector all assume photocathode

_ sensitivities of 150 microamperes/lumen; the CPS-Emitron and Iconoscope assume
_ sensitivities of 75 microamperes/lumen; the RCA C74008 has a nonporous photo-

.. conductive target, while the experimental Vidicon uses a porous photoconductor.

The extremely poor sensitivity of the Image Dissector, due to its lack
of storage capability, is clearly shown. As stated earlier, this tube requires five

_ orders of magnitude more _hotosurface i_lumination than an ideal device to _ehieve
U corresponding signal to noise performance. The Iconoseope is also shown to be

decidedly inferior to other tube types which are currently available. These curves
are based partly on measurement, and partly on the use of Weimer's equation:

R =(cl ) 1.01 x 106 (3-6)

where R = ratio of the peak _o peak signal to RMS n_ise
(EAt) = integrated light flux (lumen-second_) falling on the

I] photocathode du-.*ingexposure time t= th8 TV line number corresponding to the resolution of
the picture to be transmitted

I!
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" Figure 3-17. Resolution Versus Illumination for Imaging Devices
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Figure 3-18. Signal to Noise Performance for Various imaging Devices
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I 0 = the quantum yield of the photocathode
c : contrast, as defined in Eq 3-1

a. Effects of Slow Scan Operation

_ Under conditions of low incident illumination, some increased
_ performance can be obtained by a technique comparable to time exposure in

_ photography. In this case the fralae rate is decreased, correspondJag to a longer
interval between readout scans. If the pickup tube is capable of integrating the

_ light flux in this interval, an increase in sensitivity can be realized.

Shelton and Stewart have shown that the light level reqaired to

achieve a fixed signal to noise ratio aecreases directly with frame rate for thehnage Orthicon, and decreases with the 3/2 power of the frame rate for the
Vidicon. Experimental data were taken for two Image Orthicons (5820 and 6474)

_ P.nd two Vidieons (both 6326). Fig"are 3-.19 shows the increased _ensitivity for
both tube types. The significance of these curves lies in the trends they represent,

_ ratherthanintheirabsolutevrlues. The Image Orthiconsused were bothofthe
glasstargetvariety,whereas themost sensitivetubespresentlyused incorporate

-_ metal oxide thin film targets. To obtain useifl data at low frame rates, it was
necessary to reduce the tube temperature to obtain increased resistivity (and hence
integration time). In the case of the Vidicon, performance at tong frame times

is a compromise between target voltage, resolution and dark current. Several• additional reasons are presented in the article for considering trends rather than
absolute magnitudes.

,.o !

{i °'
'_ _ _ , , (AFTER ,_HELTON8. STEWART)

_ ._OI .....•01 .I 1,0 I0 I00

VERTICAL FRAME RATE _ FRAMES/SEC

, Figure 3-19. Vidlcon and Image Orthicon Illumination for Signal to

W] Noise Ratio of 10
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Although the data referenced above were taken 6 years ago, e::-
perlmentation at astronomical observatories using the new high sensitivity tubes
also indicates improved performance at longer frame times. While quantitative
data are not, complete, storage *Ames of greater than 5 minutes have been observed
with no perceptible degradation. (See subsection C. 6 for more informption on these
l_henomena. )

Slow-scan techniques are useful o_y when the scene being viewed i
has no motion during the scan frame time. It is not anticipated that the scene
viewed from the S_/ISwill have motion during a few-second intel'_al° However it
Is possible that the vehicle may have angular rates which can result in image
motion during frame time. Figure 3-20 shows the angular rate control required
to restrict image smear (measured in feet on the ground} to allowable limits as a
function of exposure or frame time. For example, if a 1 mile ground smear is i
tolerable, and a fr_,- time of !0 seconds is used, the vehicte's angular rates
must be controlled • :, etter than 2.5 x 10-4 degree per' second.

DEG/SEC A

io_ 161 5 2 16_ 5 _ 163 5 2 154 5
16,0 *,lAX.ALt.OWABLE ANGULAR i

5 GROUND SMEAR AND -----/g_.

////,///,/Y///,
2.0 "_" _ ix +

_ ...
.= " f.Y I./z_",/,

;= !o 7 >2?'//,,';//////L," ...........

i iOl ....
; 1(5z 161 i0 0 I01 i01 i0 _t

FRAME EXPOSURE TIME _ SECONDS

Figure 3-20, Maximum Allowable Angular Rate as Function of Ground
_mear and Frame Exposure Time
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} 6. Sensor Tube Performance Data
' Many sensor tube types have been considered in subsections C. 2

7- through C. 5; until now, the treatment has been largely theoretical and general

i _ in nature (with the exception of subsections C. 4 and C. 5, which presented some
_ performance data.). Based on the results obtained thus far, the sensors listed

in Table 3-i are not considered applicable to the SMS cloud cover sys_m, for
:_ the reasons indicated.

TABLE 3-1
-_ SENSORS UNFIT FOR THE CLOUD COVER MISSION

- Sensor Reason

! Image Dissector Poor sensitivity; no storage capability

Iconoscope; Image Iconoscope Poor performance; r_olonger manufac.ared

i _ Orthicon No longer manufactured; performance is
• _ exceeded by other available sensors

CPS-Emitron Not manufactured in _,e United States;
i _ performance is equalled or exceeded by
!. o_er existing tubes

Permacon Poor sensitivity; performance character-
istics do not match SMS operational

_. requirements

Panicon Too highly conceptual in nature at
present time

Astracon No storage capability; very high voltage
(over 30 KV) required for operation

So!id_State Imaging Devices Too early in development stage to predict
performance with confidence

_} Intensifier Photoconductor Requires very high voltage (15 to 20 KV) for
: operation; probable performance is equalled

or exceeded by existing sensors

I"
! . With the exception of the Image Dissector, no additional information

will be presented here on any of the sensors listed in Table 3-1.

I A number of tube types d_cussed in subsections C. 2 through C. 5
' appear to offer some promise of meeting the SMS cloud cover imaging requirements.

These include Image Orthicons, Image Intensifier Orthicons, Image Isocons, Vidicons,

f the SEC Vidicon, the Dielectric Tape Camera, and the Ebicon. The Dielectric TapeCamera and the Ebicon have already been described in as much detail as available
in subsection C. 4. More complete performance information, including actual tube
data, is presented on the remaining sensors in the following paragraphs.

a. Image Dissector Performance

The ITT Laboratories of Fort Wayne, Indiana, is the primary
manufacturer of Image Dissector tubes. They list four models ( leW-110, FW-122,

II
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FW-125, and FW-146) as being representative of this device. Specific information !
is currently available only on the FW-122 and FW-146, and this data is tentative.
These tubes are 4 1/2 in. in diameter and 13-3/8 in. long, without magnetic deflec-
tion or focus coils for the image section; typical coils for the FW-146 are 7 in. in i
outside diameter by 14-3/4 in. long, and weigh ] 6 lb. The FW-146 tube is normally
supplied with an S-1 photocathode; the FW-I22 and FW-125, which a_e mechanically
similar to the FW-146, are available with S-11 or S-20 photocathodes, as desired.
The FW-ll0 is a smaller tube, packaged by ITT Laboratories in a camera head
3 in. in diameter by 1] in. long.

Image Dissectors is claimed to be as high as lThe resolution of

3000 TV lines, which exceeds the capability of other photoemissive tubes by a
substantial margin. The transfer characteristic of Image Dissectors is nearly

unity T over wide ranges of illumination, i

Since the multiplier gain per stage averages 3.1 at 150 volts,
, overall gain of these tub_ (which contain 11 secondary emitting dynodes and an

anode in cascade) is 3.1 _l or 250, ,300. While this gain is some 500 times greater
than that available in the multiplier section of a typical Image Orthicon, the Orthicon's
storage capability and image section gain result in far superior performance under
all but the

very highest illumination conditions. The equivalent electron gain of the I
Image Orthicon, from. photocathode to toad resistor, is typically 1000 times greater
than that of the Image Dissector.

CBS has developed an image tube, the C1-1147 Reconotron, which !
is an electrostatically deflected and focused Image D_ssector. The tube is 1-1/2 m.

', in diameter and 6-7/8 in. long, with a multiplier section designed like a 12-stage |
photomultiplier tube. W_th a gain of 107, this tube lies between the standard Image ]

; Dissector and the Image Orthicon in sensitivity, and has a limiting resolution of
!; 1000 TV lines per in. over a 0.6 in. diameter are_. The Reconotron does not con-
i. tain a storage target, and hence suffers from the same disadvm _ages as standard l
_. Image Dissector tubes. [

_: b. Vidicon Performance I

_' A detailed discussion of the design and construction of Vidicons
_: is presented in subsection C. 3, and will not be repeated here. The original Vidicon
_ design used magnetic focus and deflection. Recently, electrostatically focused and, t
I finally, fully electrostatic tubes have been developed. As with other scanning beam

imaging tubes, the Vidicon beam must land on the storage surface at close to normal
_ incidence to preserve shading uniformity in the picture and yield maximum edge
i resolution. This requirement is met in magnetically deflected tubes by accurate

alignment, of the beam with the center of deflection. Electron optics problems
complicate beam control in the electrostatic case if conventional deflection plates
are used, so most successful tubes of this type use _he "deflectron" principle; i.e.,
an electrostatic deflection system having one center of deflection.

Magnetically deflected Vldicons are avai.lable in 1/2, 1, and
1-1/2 in. diameters; electrostatic Vidicons are presently constructed " 1 and
1-1/2 in. sizes. Larger tubes are manufactured by some Europesn companies,
but only tube, types fabricated and currently available in the United States have
been included in thlB sensor survey.
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f _ Before reviewing some collated tube data, it is of interest to
_ consider the form In which this information was made available. Most tube ma_-

ufacturerz _end to present comparatively little data in their standard data sheet_;
- this is particularly true of sheets which carry designations such as "tentative

t data, ""developmental device," or some equivalent qualiffing statement, On sheets[,
describing existing tube types, more information is a-.ailable, but even here
different companies tend to emphasize different performance data as bein_ ytT_.2t_.-
cant. _ summarizing the tube performance data which Republic obtained during
the study, it was decided that the most significant infomnation which should be
graphically presented in the case of Vidicons would be transfer characteristics,

• ' " signal to dark current ratios, decay characteristics, and square-wave response
!., curves. These data are summarized i,_ Figures 3-21 through 3-24, for ;d: tubes

on which such information is available. Most V, dicons are small, lightwe;ght
- devices; the major size and weight contribu_io,.,_ in a complete camera assembly

come from synchromzation and drive circuitry (and from focus and deflection
: " coils in the case of a magnetic robe). Consequently, tube size and we;ght are not

included as primary data in this section; instead, size, weight, and power re-
_ quirem,:_ts for the various proposed satellite equipment configurations (i. e.,
II complete camera chains) are given in subsection F.

_" Figure 3-21 shows typical Vidicon transfer characteristic8 for
a variety of tubes m_mufactured by RCA, Westinghouse, and Machlett. Several
tubes have curves for more than one dark current value; for a given tube, dark

' :. current generally varies directly as target voltage. The Machlett ML 7351A,

, _t RCA 8051 and 8134, and the Westinghouse V._-4915 are examples of tubes dis-
_ playing relatively high signal output (0.02 microampere or more} at low faceplate

I _: illumination (0.01 foe*-candle). All curves are plr 'ted for ]./30 second _rame time;
, data on performance at longer integration times ,s not generally avallaule, except

i _. for the Westinghouse tubes, which are s!ow scan Vidlcons.
Figure 3-22 shows signal t,o dark current charactecistics for

• _ the same tubes analyzed in the preceding figure. The high values for _he West-

' t iughouse WX-4915 and WX-7290 slow scan 'robes result from their extremely lowdark currents, which the manufacturer claims is due to the exceptionally high dark
i i resistivity of the target. Again, since nonstandard frame rate data is not avail-
i, able for any but the slow scan tubes, the figure is plotted for 1/30 second frame

rates only.

, Figure 3-23 shows typical persistence data for a number of
RCA tubes. In each instance the output signal current, as a percentagc of its initial
value, is plotted as a flmction of the _tme after initial illumination is removed. The
C-73496 and C-74078 tubes, which arejrespectively, a magnetic 1/2 in. Vidicon
and a ruggsdized i in. eiectrostatic tube, each have a somewhat higher photo-conductor
lag than the other tubes. This lag would be objectionable for normal TV use, but is

I { relatively independent of light !eve] on the faceplate.

Figure 3-24 shows typical ancompensated horizontal square-
_ wave response for a number of tubes. The RCA 8051 is a 1-1/2 in. high-resolution
i magnetically focused and deflected tube design, ed primarily for broadcast film

pickup and data transmission purposes. The design features precision construc-
tion, a mesh electrode, and an extremely uniform photoconductive surfscc. Resoiu-
tion is about 1200 TV lines at 8 foot-candles faceplate illumination.

• I
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Figure 3-21. Vidicon Transfer Characteristics
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In addition to the plotted data, some further comments on resolu-
tion and tube design are in order. The ltCA C74053 is an example of a typical 1/2 in.
magnetic Vidicon; resolution is limited to about 400 TV lines, with sensitivity ex-

{t tending to 0.2 fooL-candle. The RCA 7038 is a 1 in. magnetic tube, with 600 TV
[ ] lines resolution at 2 foot-candles. These resolutions are specified at normal field

strengths, a_d without videocompensation. Increasing the focus field strength and

[] beam accelerating potential improves resolution a_ the cost of increased deflection
[ ] power. A 7038 may be raised above 1000 TV lines by this method plus aperture

compensation in the video.

.F, The RCA 7263A is an example of a severe environment magnetic
[ ] tube designed to meet MIL-E-5272B and MIL-E-5400 specifications. Figures 3-21

and 3-24 indicate that its electrlcst performance is comparable with that of more
_ conventionally const_'ucted tub _.

I i

The RCA 8134 is a 1 in. hybrid tube, which is electrostatically
", focused and magnetically deflected. Elimination of the focus coil removes 70% of the

[, i magnetic component weight, and reduces deflection power requirements by a factor
J of8. Resolutionisas highas 700 TV lines:withbasici in.Vidlconsensitivity.

{ _ As an example of electrostatic tube performance, the Westing-
J house WX-4306 is a conventional deflection plate design 1 in. Vidicon with a stated

center resoluticn of 350 TV lines, while the General Electric ZL-7815 is a 1-1/2 in.

_] Vidicon with deflectron optics plus a focus reflex modul_ Aon gun structure; thistube has a resolution of 800 TV lines with a 1000 volt accelerating field. The Westing-

house WX-4915 is a long:lag integrating photoconductor Vidicon, fully electrostatic,
with a resolution of 200 IV lines at 10-'3 foot-ear, die, and 500 TV lines at 10 -1 foot-

From informationpresentedinthissectioniti_clearthatVldicons,
[i particularly of electrostatic design, show considerable promise of meeting cloud

, cover sensor requirements for the SMS system, when scene illumination levels
exceed a few tenths of a foot-candle; this situation corresponds to daylight viewing.

i A more detailed discussion of the performance and configuration of such equipmentmay be found in subsection F.

c. SEC VidiconPerformance

i Data has been received from Westinghouse on time lag, integra-
tion and storage, resolution, mid overall tube parformance of the SEC Vidicon,
While this information is experimental and highly tentative in nature, it is nonethe-
less valuable in illustrating the current developmental status of this tube.

Time4ag measurements have been performed, and no lag has

I._ been ob:_ervedatnormal operatingvoltages.Thistendsto substantiatethetheory
thatthesignalgeneratingm_)chanismislargelyduetofree electronscreatedby
theprimary electronsand collectedeitherby thebackplateor wallscreen.Ifthe

(] targetvoltageisincreasedbeyondnormal operationvalues,a time-lagbecomes
' noticeable. This can be explained by the fact that t_heelectric field within the layer

is now high enough to permit significant solid-state conduction. Generally, it is
!] found that photoconductive targets or EBIC targets which exhibit high gain show
{!

[t ,_,,
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an excessive thne-lag. The onset of conductive lag is associated with an increase in
gain. Therefore, an SEC tar:'.'t may be operated at relatively low voItages in the
fast mode with a gain of about zOO, or at higher voltages, thereby sacrificing speed
of response in favor of higher gain.

It is Important to make resistivity as high as possible to achieve
long integration times. Extensive testa have been perfo__rmed to gauge _be integra-
tion performance under a variety of operating conditions. Smalt input signals have
been successfully integrated for periods up to ]~1/2 hours. These experiments
demonstrate that it is possible to integrate extremely weak signals for periods up
t_ hours without background contribution due to target leakage cub'rent.

In measuring resolution, it is necessary to distinguish between
the resolution capabilities of the target, the maximum resolution of a tube incorpora-
ting such a harget, and the re_olution limitations set by the associated equipment.
No attempts were made to measure the intrinsic resolution capabilities of the
SEC target directly. Based on the thickness of the target, however, it seem reason-
able to assume that up to 1800 TV lines per in. should be re flvable on the target
before scattering of primary electrons significantly degrades resolution.

Resolution measurements have been made with sealed-off tubes
using electros_ratic focusing in the image section and with demountable tubes employ-
ing all-magnetic focusing. In the first ".ase, maximum resolution was found to be
300 TV lines per in. referred to the photocathode, or 600 TV lines per ino on the
target, since these tubes employ a linear minification of 2:1 in the image section.
Tubes with magnetic focusing of the image section clearly resolve 1000 TV lines
per in. on the photocathode, indicating that in the electrostatically focused tubes
the upper limit to resolution is set by the electron optics. Resolution obtained with
magnetically focused tubes is limited by the bandwidth of the video amplifier.

The performan.e of a sealed-off tube was evaluated by measur-
_..g limitil_g resoluti, n as a function of photocathode highlight illumination, using
a 100% cou_rast _e_ pattern. The tube employed electromagnetic focusing for both
image and scauning sections; the photocathode was of the flip-over type with a use-
ful diameter of 5/8 in. Sensitivity after tip-off was 25 microamperes per tumen
measured against a 2870°K light source. The results of this test arc shown in Figure
3-25 where limiting resolution is plotted against photocat.hode illumination.

Curve 1 was taken with 10 volts targe_ voltage and curve 2 with
40 volts target voltage. In both cases, the target was scan_ed cont.inuously (30 frames
per second), and limiting resolution was determir.ed by visual observation of the
monitor screen. For comparison, the equivalent data are given for an Image Orthicon
(taken from Morton and Ruedy, Advances in Electronics}. For both target volt-
ages, no picture "sticking" was observed. The maximum resolution under optimum
illumination was found to be 1000 TV-lines per in.

Curve 3 was taken with 19-_econd integration, and Curve 4 for
30-second integr_ition. The target voltage was 30 volts in both cases, Since the inte-
grated charge is read out and displayed essentially within one frame time (1/30
second), it is difficult t_ observe limiting resolution directty. Therefore, limiting
resolution for Curves 3 and 4 was determined from Polaroid photographs taken of
the monitor.
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Image Orthicon but uses direct beam readout. It employs electromagne_Ac focus-
ing and deflectioa and contains a high sensitivity S-23 photocathode and a 1 flu,

diameter SEC target. Resolution has thus far been limited by the equipment em-ployed in making these measurements to about 15 line pairs per mm. Readout
speed is fal _, i.e., the signal Is crased to lc_s than 10% of it_ initial value after

[_ 1/60 second, Another feature of importance is the large dynamic range over which_ese targets operate satisfactorily. Signal to noise ratios of more than t00 have
been obtained. Integration of input signals is superior to that in conve_tional Image

Orthicons with thin film targets.
Although still in a relatively early stage of development, the

SEC Vidicon appears to offer significant advantages in teievlsion camera tube per-

formance. The high charge gain, fast response, large storage capacity, and highresistivity should make it adaptable to a wide range of operating conditions.

i!

1964007783-100



I000

: _ l.X.O.(MORTON )

I.O.( MORTON )J
o /

"1 / n VT : 3OV, 10soc. integration

'_SLOPE= A VT : 30V,30 sec. Integration

,_ io-7 =56 i5o _c;4 _cf_ _62
: PHOTOCATHODE ILLUMINATION IN FOOT-CANDLES

Figure 3-25. Performance of Experimental SEC Vidicon

Figure 3-26. Electromagnetic SEC Vldicon
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r] d. Image Orthicon Performance
(:

The theory and operation of the Image Orthtcon were described in

i i considerable detail in subsection C. 2. Basically, the device consists of an imagesection, a storage target section, a scanning section, and a dynode electron multi-
plier. An optical image, focused on the photoemissive surface in the image section,
produces an electrical image which is accelerated and _ocusea_ • on the target. Sec-

_ ondary elect_'ons escape the target and land on a collector mesh_ leaving a chargepattern stored on the target. The collector-mesh assembly foln_s a capacitor; wide-
spaced assemblies have a smaller capacitance, and thus produce a larger voltage

[1 for a given quantity of charge, resulting in higher sensitivity. Unfortunately, the
'_] smaller total charge produces a poorer signal to noise ratio.

, _ The charge pattern stored on the _arget is scanned by an electron

! beam, which neutralizes the stored charge. The beam is made to land on the target
• surface at near normal incidence, and at close to zero velocity. Some tubes employ

a second mesh, called the field mesh, on the scanned side of the target to produce
(, more uniform landing. The return bean,, enters the secondary emission electron

_ multiplier where the weak current is amplified, producing a signal current of 10
microamperes or less i_ the load resistor.

r "

: The original Image Orthicon has a 3 in. diameter image section
and a 2 in. diameter scanning section. Focus_g of both sections was by magnetic
and electrostatic fields, with magnetic deflection of the scanning beam., The

_ _torage target may either be a glass disk or a thin magnesium oxide film, depending
" upon tube application and performance requirements. If a glass target is used,

its voltametric resistance is selected in accordance with standard TV broadcast
r_
! . frame rates; if such a target is used at slower scan rates, the stored charge tends
l J to redistribute, reducing resolution and contrast. The anisotropic resistance pro-

perties of thin film targets virtually eliminate lateral leakage, pe.rmitting much
r _ longer readout periods. The effective c:_pacltance of the thin film target is less

f than that of the glass target, resulting in a reduced maximum signal to noise ratio
where all other t_rameters remain fixed.

Virtually all Iraage Orthicons produced in this country are manufactured by WestL_ghouse, General Electric, or RCA. A representative selection
of these tubes has been chosen, and their performance data summarized in Figures
3-27 through 3_,29. Since it is anticipated _hat the cloud cover sensor will find max-

, imum utility if it images a square forma +.on the Earth, resolution data has been
normallzed to a square raster pattern, rather than the more usual 4:3 pattern;
maintaining the usual TV convention, resolution is cited in terms of TV lines per
target height.

Figure 3-27 is a plot of limiting resolution versus photocathode
f,, illumination for a number of different _bes. Resolution of the r_CA C74034 ex-
_ i ceeds 800 TV lines per target height (square raster) at 10_5 foot-candle photo-

cathode illumination: the Westinghouse WL-22722, WL-22724, and WL-22730 yield
(_ 150 TV lines per target height (square raster), limiting resolution at 10..7 foot-

! candle photocathode illumination, but ,'u'e _ferior to the RCA tube in resolution
at photocathode illumination levels _bove 6 x 10"7 foot-candle. Data on the RCA

, C74081 is estimated on the basis of highly preliminary information given at two

Lj
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1 illumination values. All curves plotted in the figure are for standard TV broad-, cast (1/3 _ _econd) frame rates.

f i, Figure 3-28 shows the light transfer characteristics of seven differ-_. ent tubes. The Westinghouse 5820, WL-7611, and WL-22674 all display the same
characteristic curve, with a pronounced knee at 10-2 foot-candle small area highlight

-i phetocathode ilhunination, Below the knee, signal response increases with illumination;above the knee, electron redistribution tends to delineate highlight areas, permitting! imaging to take place, though with some loss in contrast. These tubes all have glass
targets, which accounts for the presence of the knee. The RCA C74034 and C74037

!_ show greater signal response at the same photocathode illumination levels; both these
1 tubes utilize thin film, high gain targets.

_ Figure 3-29 shown the relative center _quare-wave amplitude re-

i i spol_se of the Westinghouse 5820 and WL-7611, and the RCA 7198. The Westing-
• house curves ar_ identical, corresponding to 10-2 and 2 x 10-2 foot-candle high-

light illum_nation on the photgcathode; the 7198 data is taken at 3 x 10-2 and 3 x 10-3

I i foot-candle photocathode highlight illumination. These tubes all employ glass targets.Amplitude response data was not available on magnesium oxide target tubes.

,' In addition to the performance cvxves presented, some further
, comment is ir order on tube size and constructior_. Image Orthicons may be classed

as miniature (2 in.}, 3 in., and 4-1/2 in. tubes, according to the approximate din-

{ _ me_er of the image end. Each classification will be considered separately.

_'_ 1) Miniature ___g_e Orthicons. There are presently two min-
iature Image Orthicons both under development for the US Signal Corps. The RCA

I i C74081, which is under development for ERDL, Fort Belvoir. on contract DA44-009-ENG-4575, is a magnetlcally focused and deflected tube with a 2.1 m. diameter image
section and a 1_3/8 in. diameter scanning section. A photograph of the tube, which

r : is 9-1/4 in. long, is presented in Figure 3-30. The tube is a miniaturized version
_ of a standard 3 in. Image Orthicon, except for its 6.3 volt, 95 mifliampere filament;

standard Image Orthicon heaters draw 600 milliamperes at 6.3 volts. The tube uses
r_ an S-20 photocathode with a thin film magnesium oxide target and a field mesh°

Expected limiting resolution is 100 TV lines (4:3 raster) at 10 -6 foot-candle photo-
cathode illumination, with a center resolution of 500 TV l_es (4:3 raster) and a signal
to noise ratio of about 20:1 at 10-2 foot-candle.

!}. The other miniaturized Image Orthlcon is the General
Electric ZL-_804, which is a fully electrostatic tube 2 in. in diameter at the image

il emi and 12-1/2 in. long. A diagram of the tube is shown in Figure 3-31, while
t ' a photoffraph of an experimental model is presented in Figure 3-32. The photo-

cathode faceplate is curved, as a result of the conventional electrostatic focus
image section design. Unfortunately, this design is expected to produce electron

'l are distorted, badly poor resolution, even
images which shaded, and of off-axis

with curved end plates. General Electric is currently developing a new type of electro-
static focus image tube with a fiat optical faceplate and a c_rved mesh behind

"l the photo_athode for electrostatic focus capability. This design, when incorporatedinto the image end of the electrostatic Image OrthiconD should be capable of results
approaching that of the magnetically focused converter. Furthermore, t_his plane-

f l to-plane image converter may be electronically zoomed since the output image size
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is a prime function of the tube operating voltages supplied. The fir, al configuration
6f the ZL-7804 image section has not yet been determined, i'his is the major re-
maining developmental problem in this tube. The nonlinear spiral accelerator permits
maximum deflection sensitivity. Tubes developed to date use a conventional Image
Orthicon gun structure, but it is anticipated that the final design will incorporate a
focus reflex modulation gun structure for maximum resolution and minimum change
in beam focus wi_h beam current.

2) Three-lnch Image Orthicons. The most popular Image Orth-
icon in production today is the 3 in. design. The standard of reference for Image
Orthicon development is the 5820 tube, which is a closely spaced collector mesh
tube having a glass target but no field mesh. Resolution data for this tube, and for
most of the others discussed in this section may be found in Figure 3-27. It is of
interest to note that most of the tubes cited exceed the 5820 "standard" in resolution
performance. The light transfer curve for this tube (Figure 3-28) shows a knee
which is t_pical of glass target tubes. Limiting resolution is 625 TV lines (4:3 raster)
at 2 x 10-z foot-candle photocathode illumination, and a signal to noise ratio of 40:1
at 525 lines and 1/30 second frame time with a video bandwidth of 4.5 MC.

The 7513 is also a glass target tube, but it has the advantages
of much closer mesh spacing (0. 0007 _n.} and the addition of a field mesh. Its per-
formance is superior to the 5820, having a "Amiting resolution of 675 TV lines (4:3
raster) and a signal to noise ratio of 55/1 with ivs knee at 3 x 10-2 foot-candle photo-
cathode illumination.

The RCA 7538 and General Electric ZL-7810 are examples of
magnesium oxide target tubes which do not exhibit knees in their transfer character-
istics; the former uses an S-10 photocathode, while the latter has an S-20 surface.
Figure 3-33 presents typical resolution-sensitivity characte_istics of these tubes,
showing the effect of image integration time. Using an S-20 photocathode in place
of the S-10 would improve the sensitivity of the 7538 by a factor of 3. It should
be noted that these curves indicate target saturation effects; all tbAngs being
equal, and increase in integration time from 1/4 second to 2 seconds should re-
sult in a decrease in illumination by the factor _f 8 required to achieve the same
limiting resolution. Interpretation of these curves must include the property of
the observer's eye to integrate for approximately 0.2 seconds when view__nga
monitor repetitively scanned at 1/30 second. For increased integration times,
the camera _be was being scanned at a 30 cycle rate, but the target charge was
not being replenished; consequently, the eye's importance in determining resolution
is less effective.

Figure 3-34 shows the effects of contrast on tube resolution
sensitivity characteristics. These curves show the range of values which would be
encountered with an RCA 7538-type tube, at 1/30 second frame times.

The Westinghouse WL-22724 is an example of a magnesium
oxide target, S-20 photocathode Image Orthicon which is designed to meet MIL-E-
5272 environmental specifications. Its electrical performance is similar to the
General Electric ZL-7810. Center horizontal resolu*lon at 3 x 102 foot-candles
photoeathode illumination is a minimum of 350 TV lines (4:3 raster) with 5g applied
acceleration in the frequency range from 50 to 500 cps.
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3) Four and One-ttalf Inch Image O rthieon_____ss.The primary
objective of lat'ger diameter Image Orthicons is to improve resolution and signal
to noise ratio by tripling the target area. 2_is results in increased resolution for

a given scanning beam size, and increased target to mesh capacitance for a given t
mesh spacing. Increasing the total target capacity without decreasing the spacing
mai_tains reasonable sensitivity (9 x 10-2 foot-candles at the knee for a 4-1/2 inch
version of _e RCA 7293A) while increasing the signal to noise ratio of the tube to
90:1 with a 4.5 MC video bandwidth at 1/30 second frame time and 525 TV lines
(4:3 raster) resolution. [

Electrical performance improvements are not without
penalty, however, since the size, weight, and power requirements of the 4-1/2 in.
image O_hicon are about triple tho_e of the 3 in. version. In addition, the rugged-
ization of these devices required for military and spac_ applications has not pro-
gressed nearly as far as with the smaller tubes.

4) Slow Scan Performance. Since the SMS cloud sensor re-
quirements will most likely necessitate use of slow scan rates and image integration
to optimize system performance, it is appropriate to consider what data is av_ lable
on such techniques before leaving the subject of Image Orthicons.

w

In slow scan applications, the Image Orthicon has the ad-
vantage of separating photoeathode and target characteristics for optimization of
each parameter. Meas,irements of tmcontaminated magnesium oxide _argets by
themselves indicate, a storage capability of up to 4-1/2 hot_rs without loss or re-
distribution of charge. When such targets are ac_ally incorporated into imaging
tubes, contamination by metals from the photosurface ensues; the 8-20 photo-
surface contains cesium, potassium, sodium, and antimony, with cesium being
the primary target contaminant. During operation, especially at elevated tem-
peratures, the target tends to become further contaminated.

Tests have been made on 3 in. Image Orthicons for inte-
g_'ation and storage characteristics of magnesium oxide and glass target tubes.
At Kitt Peak Observatory, tests indicate a noticeable reduction in resolution at
integration times of 1 minute. Westinghouse, Elmt_'a, has conducted experiments
under _'o Air Force contracts on the interaction of photoemissors on storage
targets. As a result of these tests, Westinghouse specifies a minimum resolution
of 660 TV lines after 10 seconds of storage on many of their new magnesium oxide

target Image Orthicons. Westinghouse has also (leveloped a bi-alkali photocathode
which does not contain cesium; its characteristics are similar to the S-10 surface

in sensitivity m_d to the S-11 in spectral response. Image Orfhicons using this
photocathod_ have shown integration and storage for 4-1/2 minutes without loss in
resolution. 2'hey are also developing a new photocathode designed for 15 minute
storage, and estimate that a storage time of 1 hour may be possible with this

material. I
General Electric, Syracuse, has conducted tests for the

Frankfort Arsenal on storage as a function of temperature for magnesium oxide
target Image Orthicons. The tests consisted of short optical exposures (0.1 to 1.0
second) followed by 3 to 9 seconds storage and readout with a 1/30 second h arae

X

f
(
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rate; temperatures ranged between -50°C and +50°C. The picture did not change
qualitatively over the temperature range, and was equivalent to what would be
obtained under normal operation without storage.

r -

', RCA has conducted tests on the effects of slow s%an read-
' _ out, but their tests were conducted on glass target tubes. The basic conclusion

reached was that for a given target charge, the signal to noise ratio remt_ns con-
! s _tant as the scan rate is changed from 1/30 second to 3 seconds, but the illumi-
t. nation required varies directly with the frame rate. Theoretically a slower scanning

rate merely means that the same number of electrons must be deposited on a given
-- targetelementovera longerperiodoftime. Hence,whilecurrentandbandwidth

: are reduced, the same primary to secondary electron emission ratio, and the same
• secondary electron redistribution should be found as in the ncrmal scan period. The
• effect of time on redistribution of secondary electrons is not known; in addiOon,

since the scanning beam current cannot be reduced in direct proportion to the
- scanning rate in a practical tube, the magnitude of this effect is also not known.

Most Image Orthicon tube engineers do not feel that slow
scan readout will noticeably affect the signal to noise ratio and resolution on a

• magnesium oxide target tube at readout times of 10 seconds or less. Hazeltine,
which is currently developing a slow scan camera for NASA's Nimbus program

: _ (based on the General Electric 2 in. electrostatic Image. Or_icon), intends to test
slow scan readout characteristics of this systcm in considerable depth as part

ii of their development program.
e. Image Isucon Performance

( ! Details of Image Isocon design and construction were presented
in subsection C. 2. The basic difference between the Image Orthicon and the

, : Image Isocon is that the former extracts a video signal by passing the reflected
scanning beam into an electron multiplier in the gun section, while the latter passes

- the beam which is scattered from the target back into the multiplier. The Image
Isocon signal current is reversed in polarity from that of the Image Orthicon,

!'_ with a saturated white signal resulting in a maximum signal output current.
J

The Image Isocon has been trader developmen_ for several years
at RCA, under Air Force contracts AF33(600)-7696, AF33(616)-5728, and AF33(616)-
6497. While the most recent tube information was not available to Republic during

• the study, sufficient data was found m indicate trends and demonstrate tube capability.

Figure 3-35 is a plot of signal to noise ratio as a function of
incident photocathode illumination for Orthicon and Isocon scan modes, comparing
dual mode tubes (i. e., tubes which are capable of operating in either scan mode).
One tube has a low capacitance target (0. 030 in spacing between target and collector
mesh) while the other has a standard 5820 Image Orthicon spacing (0.0025 in. ).
In each case the beam current was retained at the level required for the highlight

( condition. The signal to noise ratio decreases rapidly in the low illumination
range; the threshold occurs at a higher illumination level for Orthlcon scan than
for Isocon scan. The signa_ to noise raC for Isocon scan of a particular target
charge is seen to be at least three times greater than for Orthicon scan in dual
mode tubes. The signaltonoiseperformanceof standardImage Orthicontubeslies
betweenthatofthetwo modes ofoperationforlaboratoryconstructeddualrt:ode tubes;
atfulltargetcharge,differencesareminimum.

!
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:, for Dual Mode Isocon Tubes

Figure 3-36 is a plot of signal modula*Aon (i.e., the ratio of
- signal current to total output current) while Figure 3-37 gives output current as

a function of illumination; each plot compares Orthicon and Isocon operation for
both dual mode tubes. It is interesting to note th_ modulation remains al.most
constantwhen thebeam currentisoptimum I,_hecloselyspacedtube. At

;_' some low value of illumination, modulati_ :, drops arid decres_es raPidly with
i; further reduction in "_'llumination. Des r,;'.e sLgnal loss at the, target, 'the Isocon
;:' mode outputsirmaiisinvariablylar,_rthantheOcthiconmode signalineach
,_ tube. This results from gain acb:eved in the scattering process, since on the

average three incident electrons are scattered for each electron which is retain-
ii ed at the target to neutralize a stored charge, Tube dynamic range may be ob-
, . - tained by examining these curves; th_s is sinlply the range of v.ariation in light
I level which lies between the fu_l target charge highlight and that low' light level
t associated ,viLhminimum tolerable signal to noise ratio. Isocon scan .represents

an orderof .":,g_ltude improvementoverOrthiconscan inth'i_respect.
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Apertureresponse(Figure3-,38)forIsoconscanwithno beam de-
flectioneffects_sinferiortothatofOrthiconse#u;when b_am deflectionatthetarget
ispermitted,theIsoconmode respoaseism_hane._d.Sinewave responseforOrthieon
scanoi a dualmode tubeisequivalentto_ standard5320 Image Orthieon.Near thres-
holdillumination,a differenceof50 to100 TV lin.esinfavorofIsaconscan canbe
expected.

As mentionedpreviously,themost signffica_tfeaturesoftheImage
Isoeonare itsimprovedsignal-tonoisera_ioand itsvery wide dynamic range. Thf
additionaielectronopticalelementsrequiredcomplicatethesetupoftheIsocon,and
reducetheprobabilityofsuccessfulunattendedoperationforprolongedperiods.._ne
tzibeisstillunderdevelopment;when itbecomes completelyoperational,itshould
competerathersuccessfullywiththeImage Orthiconforsuch applicationsas theSMS
cloudsensorsystem.
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i_ f. Image Intensifier Orthicon Performance

2"ae Image Intensifier Orthtcon w_._ described in subsection C.3

li in considerable detail. Basically, this tube can be characterized a3 a cascading

of an intensifier section between an optical imag e and an L'nage Orthioon lmaae
section. The result is an increase in low light level sensitivity of the Orthicon by

an amount roughly equal to the gain in the intev_ifier section. At higher 'i_'.,_ h _;s, thesi_lal to noise ratio is comparable to that of an Image Orthicon having si_,i] _ w_rget
capacitance, but resolution degrades as a result of the successive imaging process.

Data is available on three c_ ent Image Intensifier Orthioons;
these are the RCA C74036 and C74093, and the _;estinghouse WX-4299, Resolution
sensitivity characteristics sre presented for these tubes in Figtu'e 3-39. The WX-4299

,_ is represented by two curves, one for best perIermance and the other for nominalperformance within its operating range. Note that here again, as with the Image
Orthicon curves, resolution is stated in terms of lines per target height, for a

square raster (subsection C. 6.d). In addition, curves of output signal and peaksignal to R_IS noise rP.tio versus Light level are presented in Figure 3-40 for the
RCA tubes; this data was not available on the WX-4299.

_ne C74036 uses a tetrode image converter section, a high gain oxidetarget, and an S-20 second photocathode. The tube is 4.2 in. in diamter at the

image end, 2 in. in diameter in the magnetic scanning section, and 25 in. long.
Stated resolution, for a 4:3 raster, is 370 TValines at 10 -° foot-candle photo-
cathode illumination, and 100 _I%r lines at 10"_ foot-candle. The C74093 was de-
vetoped to provide improved highlight resolutiola capability. This tube uses a triode
image converter section; it is 4.15 in. in diameter at the image end, 2 in. in dia-

I_ meter at the magnetic scanning section, and has an overall length of 22.4 in. Stated
resolution is 450 TV lines for $ 4:2 raster at 10 -6 foot-candle photocathode illumin-
ation, and 100 TV lines at 10-_foot-candle. Both tubes employ electrostatic

focusing in the intensifier section; the primr, ry limitation in resolution lies in the

thin film coupling between intensifier phosphor and image section photocathode.

The WX-4299 differs from the RCA tubes in that it has a sixth

• dynode in the multiplier, and utilized a magnetically focused image intensifier

i section. The tube has a thin film storage target with very low lateral leakage,

permittiag signal integration for up _ 10 seconds to imIn-ove sensitivity. Stated
resolution is 450 TV lines at 8 x 10 -_ foot-candle (4:3 raster} and 200 TV lines
at 7 x !0 -9 foot-candle. The data cited are for 100% contrast, at 30 frames per
second, with continuous imaging.

drawbacks to the of such tubes inMajor use space applications ar_

the complexity of tube 'adjustment for optimum performance, and the problems of

unattended operation for long periods of time. In addition, the intensifier sec'Aonrequires very high voltage; first photocathode vottag6 ranges from 20,500 volts
in the RCA tubes to 13,000 volts in the Westinghouse design. Finally, while these -
devices are unequalled in performance at very low light levels, their resolution

above 10-_ foot-candle photocathode illumination is distinctly inferior to that of
current Image Orthicons. Unless absolutely required by scene illuminatio_l con-
ditions, hnage Orthicons would be preferable for uJse in the SMS cloud sensor

package. This point is discussed further in subsection _.

O
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In 1961, RCA was reported to be working on an Image Intensifier
lsocon, _he C74060. _h_s tube was based on the C740S6, and u._ed a dual mode

fl Isocon _ruc_re. A feasibility study was being carried out with Air Force support
on contract AF33(616)-7696 to determine whether gaits in signal to noise ratio and
dyn_unlc range due to using the Isocon scan mode wou_d !ezd to a significant improve-
ment in an Intensifier Isocon desigu. The outcome of this program is not known.
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D. OPTICAL CONSIDERATIONS

The extreme altitudeofthesatellitepresentsformidableopticalproblems,
especiallywhen thedestgnobjectiveistoview theEarth'scloudcoverunderbo_
day and nightconditionsathighresolution.The presentstateoftheopticalart
offersbothrefractiveand reflectiveopticalsystems innumerous designsand
variations that possess inherent resolving powers in excess of presently avail-
able or even future sensor tube resolution capabilities. The optical considerations
which determine use of a particular lens design or type are dependent upon such
factors as sensor tube characteristics, desired area coverage, format size,
satellite weight, and spatial limitations.

In considering the optica] requirements for visible light sensors, no attempt
was made to define, in detail, the exact characteris#cs of an optical system. Lens
design begins with the designer's goal of perfection and is followed by a series of
compromises resulting from the materials available, manufacturing difficulties,
and other practical limitations. Finally, the lens represents the best compromise
in resolution, distortion, size, and weight that will provide acceptable perform-
ance for the intended application. TMs subsection will, however, consider major
optical system characteristics and interrelated functions which would influence
the selection of a particular optical system for various resolutions and coverages.

1. Optical Parameters

The 8MS optical requirements have been considered for full Earth
disc ccTerage and for various smaller coverage areas. The basic optical relation-
ships are straightforward, as is shown below:

O_lect Size = Distance = Scale Factor
Image Size Focal Length 1

Since the sensor platform is at a constant (synchronous) distance above
the nadir, the three remaining parameters can be varied to obtain the best com-
bination for performance, size, and weight. If image size is reduced, the focal
length of the optical system is reduced proportionally, and accordingly, the
ground coverage is inversely proportional to image size. Therefore, the inter-
relation of the threo parameters must be carefully considereo end viewed broadly
to properly establish the optimum configuration.

A homograph (Figure 3-41) has been developed to illustrate compre-
hensively how the optical and sensor parameters are related, and indicate the
effect of parameter variation. The nomograph relates sensor tube picture height°
focal length, and ground coverage as one set of parameters and TV lines per
picture height, ground resolution at the nadir, and ground coverage as another set
of parameters. Datum points on the picture height scale are indicated for con-
venience for various sensor tubes. This scale is based on a square format; sub-
section C. 6. d. discusses the use of such a format for SMS applications.
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Figure 3-41. Optical Sensor Parameters - Single
I: " Frame Coverage

l Two sar._ple problem_ are depicted on the nomograph. The first is
i ( for a full Earth disc. Usingatyptcal 1in. Vidicon as a starting point and 8000

,. miles coverage as the end point, It is seen immediately that a 1.25 in. focal
J _ length lens is required for this format and coverage. To obtain a 10 mile re-
I soluUon under these conditions, a sensor resolution of 800 TV lines per picture
I./ ! height is required. Reference to tube capabilities _hows that this is feasible;

_ , indeed, better re_olution is possible with certain tubes.: I For the narrow angle sensor system, a 2 in. minature magnetic

i_ ( Image Orth!con was selected as the second example In this system, some con-
sideration must be given to picture overlap and side lap for mosaicing. Using

: _ a 10%overlap in each direction, a 1250 mile square picture would yield a 1000
mile square nonredundant coverage in each frame. Under these conditions a 14

_.. i 3-63
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in. focal length optical system is required. For a 2 mile ground resolution over
a 1250 mile picture, a sensor resolution of 625 TV lines per picl_ure height is
required. Since the 2 in. magnetic Im_tge Orthicon currently possesses a limit-
ing resolution of about 600 TV lines per picture height (square raster), the
optical system parameters determined above appear reasonable, assumiug a
modest improvement in _be performance.

J

2. ()ptical Resolution _'

"I_nemaximum possible resolving power of sn ideal lens is a function
of the wavelength c_ light being resolved and the apertare of the tens. The
Rayleigh limiting angle of resolution 8 is defined in radians as

d

where X = the wavelength of light, in millimeters
d = the diameter of the lens aperture, in millimeterQ

For visible light recording, the linear resolving power at the image plane is ex-
pressed by

1 = 0.6 X (f/number)R

where R = linear resolving power, in line pairs per millimeter
X = the wavelength of light, in millimeters
f/n_nber = the focal ratio of the lens

The lens resolving power will vary over different areas of the image plane with
the highest resolution at the optical axis and slightl: reduced resolution at the
format diagovals.

In considering the visible light sensor optics, the maximum resolving
capabilities of a perfect lens (Table 3-2) should be taken into ac ount,

_BLE 3-2
IDEAL LENS - I_IAXIMUMRESOLUTION

On Optical Radial 10° Off Equivalent TV Lines
Focal Ratio Axis (L. P./ram) OPtical Axis _L. P./mm)_t Lowest Resolution

f/1.0 745 740 1480 L/ram or 37,600 L/in.

f/2.0 373 3A8 736 L/ram or 18,700 L/in.

f/2, 8 266 262 524 L/m_ or 13,300 L/in.

f/4.0 187 184 368 L/mm or 9,350 L/in.

f/5.6 133 131 262 L/ram or 6, 650 L/in.

f/8° 0 93 92 184 L/mm or 4, 675 L/in.

f/ll, 0 66 65 130 L/ram or 3,300 L/in.
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From a comparison of equivalent TV line resolutions, it is evident that
• a high quality optical system can image more TV lines onto the 10 mm target of a

1 in. Vidicon than the tube can ever reproduce. Indeed, the optical system resolu-

tion exceeds that of the Vidic_n tube by more than an order of magnitude.

In practice, optical designs such as reflecting mirror systems that cover
a very narrow field of view can be m qde substantially free from detrimental dis-

L| tortlons such as coma and spherical aberration, and will be capable of resolution
performance approaching theoretical limits. With but modest effort, optical designers

will be able to modify existing refracting lenses for optimum SMS performance toproduce a twofold increase in resolution. Such capability has been indicated by
Goerz Optical Company, Inwood, New York, and Pacific Optical Company of Los
Angeles.

Vt

[] The very nature of cloud cover imaging requires that relaLively low
f/number optical systems be employed to provide sufficient illumination at the

[7 sensor photosurface. This requirement provides further assurance that the optics
[J will not limit overall sensor system performance.

3. Optical Systems

I_I
The two basictypesofopticalsystems consideredare categorizedas

i refracting and reflecting. The number of variations possible within each category

• [I is perhaos limited only by the optical designer's ingenuity because of the wide selec-I -_ tion of materials available today for optical technology. In g_neral, refracting lenses
i are en_ployed for wider angular coverage and smaller aperture diameters, as com-

erI pared to the narrower angle, larger aperture reflecting sustems. Since the limiting
{_ len_ resolution is a function of lens aperture, reflecting systems inherently provide

, higher performance. Where longer focal lengths are required, reflecting _j _tems

I _ I al_o pr°vide superi°r l_r_ormance' since folded °ptical l_th designs yield _mprove-

merit In overall length to focal length ratios by as much as 5 to 1.

Because of the known difficulties that exist in the design and manufacture
V_ o_ large diameter refractive optics, as well as inherent size and weight considerations,
U the narrow coverage requirements can best be satisfied by several existing designs

of modified Cassegrain systems. Such systems are catadioptric designs that elimina:e
[_ aberrations by the use of correcting glass elements. Notable designs employing varia-
(I tions of this technique are the Maksutov, Bouwers, Dahl-Kirkham, Schwarzchlld,

Baker and Sehmidt systems. Di_ferences between these systems are larimarily in tho
thickness and location of correcting lens elements. No attempt has been made to

If evaluate performance differences or recommend a particular system.

For the wide coverage where focal lengths are short, a Petzval lens

I_l design offers distinct advantages because of its inherent resolution uniformityat high f/ntunber over the entire image field. Such a lens, with a field flattener
element added, would provide additional assurance of maximum definition. The

Petzval design produces a flat field up to about 25° total angular coverage, which ismore than adequate for the full Earth disc sensor.

A hybrid refractive design which was considered is the Vari-Focus
I_ lens, i.e., the Zoomar lens. Such a lens attempts to provide a means of continuously
LJ varying the focal length or magnification while keeping the image in precise focus

[1
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over the focal rar._ _d maintaining a constant aperture. Hence, such a system seems
to provide an ideal replacement for separate wide anglo 3_d narrow angle lenses by
a single lens. A closer examination discloses serious problems, however, as dis-
cuss-_d in the followt,_g paragraphs.

Vari-Focuslenseshaveenjoyedwide applicationinamamur home movie
cameras and a studiotelevisionequipmenL where theimage isviewedsubjectively,
_nd where the central area ofthe picture is the prime area of interest. For these
applications, magnification ratios are generally small. A Vari_Focus lens for metero-
logical satellite applications would require highly corrected o_ics as well as uniform
field resolution and t_lumination, together with a large aperture and a magnification
range of 12 to 1. Such a lens does not exist at present, and there is considerable doubt
that it can be designed at all. In addition, the resolution fall-off within 3° off-axis of
present day Vari-Fc, cus lenses is so drastic that lens manufacturers prefer to avoid
publishing such data.

_t is admittedly difficul_ to design a fixed focus lens containing from four
to six elements, but the problems of designing and fabricating a Vari-Focus lens con-
talntng the 15 or more elements needed to satisfy the previo_tsly defined requirement_
would be virtually insurmountable. On the basis o£ judgments obtained from optical
designers, as well as conclusions reached during the investigation, it is recommended
that Vari-Focus lenses be eliminated from consideration for SMS optical system appli-
cations.

4. Optical Coatings

Anti-reflection coatings for refractive elements of the visible light sensor
are essential if the lens is to function at maximum efficiency. The advantages of lens
coatings are two fold. First, lens coatings eliminate ghost images and flare spots;
secondly, they increase the illumination that the lens can transmit. In practice,
multi-element lenses having an uncoated efficiency of about 65_ have shown improve-
me_ts in speed of nearly 1/2 f-stop after coating.

For the SMS application, the advantage of anti-reflection optical coatings
would be clearly evident for low contrast imaging. Undesirable reflections caused
by opttc_ surfaces tend to lower the contrast of a scene, and since the expected
contrast ratio of cloud types is small, every effort should be made to minimize con-
trast degradation. Anti-reflection, thin films, such as calcuim and magnesium
floride, would provide excellent protection from intra lens reflections.

5. Vignetting

The design of the visible light sensor optical systems for both day and
night coverage should consider the reduction in illumination resulting from lens
vignstting. The relationship of the lens barrel length to the front and rear apertures
causes oblique rays to be cut off, with the result that illumination decreases to the
point of extinction, depending upon the angle of obliquity. In general this should
not be a problem area in the SMS program, particularly if Vari-Focus lense_ are
eliminated from consideration.
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-] Investigation of a typical Vari-Focus lens shows that an illtunination fall-
i. off due to vignetting, over a range of focal lengths, can exceed 50%. S_ch a reduction

of illumination would seriously compromise sensor low light level capabilities. I'_

should be no_ed that this reduction o_ illumination over the field of the lens is in a,._.-dition to that resulting from the Cos law _hich functions whether or not vignetting
exists in a lens design so that when both effects are prese._t image illumination is

_ seriously reduced off the central format area.
U 6. Interior Lens Reflections

_I_le second largest contribution of unwanted illumination can be attributed_o _b_ interior lens design. Non- "age-forming light entering the lens av-rature
[i,_ds its way to the focal plane, where its evict on image contrast is readily apparent.

The primary cause _f this stray light reaching the image plane is lack of sufficientinterception means within the lens housing. Interior lens reflections can be either
totally elimina d or drastically reduced, depending upon the lens d_sign, by proper

placement of b_fles and use of matte, nonreflecting housing surface treatments, Asketch of a typical catadiop_ric lens (Figure 3-4" illustrates the type of cons_-action
which should be employed to eliminate unwanted reflected and scattered interior
light. For the SMS system, where lightweight construction is of paramount imlcort-

i ance, the lens housing lightening voids must be made light-tight by such means asa matte/foil shroud.

_ 7. Filters
Filtering of two types warrants c_nsideration for the visible light sensor.

The first is spectral filtering to reduce the contrast-degrading effects of scattering

in the atmosphere between the satellite and the viewed. Sensorintervening scene
tube photocattmde response characteristics in the 0.3 to 0.4 micron region where
atmospheric scattering is nighest, _¢ould indicate the need for some filtering. A

sensor employing an S-20 photocathode could usefully employ a filter because of itshigh response in the 3000 to 4000 angstrom band. Since the filter absorbs some
image-forming light, an increase in exposure time would be required to compensate
for this absorption. Applicable filters, such as Wratten numbers 12 mid _5G shouhi

be considered.

The second type of filte=i_,g to be considered is non-spectral and lnvoi_es

the use of graduated neutral densityfilters for ",)ntrol. The percent of high-
exposure

light illumination transmitted through neutral filters can be adjusted by selecting ap-
propriate values of opti. I density.

Standard neutral density filters are available to provide illumination at-
tenuation ,;overiag a range of four orders _f magnitude in descrete stepr. When used
in combination, as in a dual filter wheel system, intermediate values of transmission

are obtainable.

Deposition of the neutral density filter on a thin base, such as Cronar,

will introduce negligible focus shift when the filter is inserted into the opticalpath.

U
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Figure 3-t2. Typical Catadioptric Lens System

8. Image Motion Compensation

For synchronous satellites the problem of image motion compensation
is greatly reduced by the elimination of forward vehicle motion. However, image
motion will be caused by vehicle perturbations due to inaccuracies in the attitude
control system, The penalty for image motion is loss of resolution, which mani-
fests itself as ground smear.

Image compensation for differenL types of satellite stabilization systems
presents different problems. In the ease of a spin-stabilized satellite where the
vehicle ram is 10 RDM, the total allowable ex3)osure time would be 1/4000 second
to reduce ground smear to a 5-mile equivalent resolution element, as shown by
Figure 3-43. This exposure time can be accomplished by means of either rotary
or curtain ,ype focal plane shutters comparable _ design to military reconnaissance
shutters. Wieldable mirrors were investigated as a possible means of producing
image motion compensation for the spin stabilized satellite. However, based on
control system problems of accurately providing mirror de-spining rates, to-
gether wifil the complexities associated with precision servo control of the mirror
such a_ approach appears to be marginal, ff at all %astble.
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,_ Figure 3-43. Exposure Time for Spin-Stabi!ized Vehicle

The 3-axis and gravity gradient attitude control systems provide

II stabilization which enables the visible light sensors to operate over an extremelywide range of exposure times. Figure 3-20 presents, in graphical form, the re-
lation of exposure time to the visible light sensor to the allowable ground image

i! sz.._ar, and to the angular stabilization rates required for a particular exposureand smear combination. From Figure 3-20 an exposure of 0.5 second for an
allowable 1.0 mile ground image smear _ould require a SMS stabilization rate of
about 5 x 10 -3 degree per second. SimP-_'ly, for the same exposure but a 5.0

mile ground image smear, the stabilization requirements would be reduced to
about 2.5 x 10-z degree per second.

9. Wielding Mirror
The narrow coverage _loud sensor will require a wielding mirror to

direct the sensor optical system to #,8 desired area of surveillance.

I]
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._ae wielding mirror is essentially a precision optical flat .... _o
fractions (;f _ wave '.ength, mounted in a gimbaling fixture which is accuratel) ed
to the optical -y_tem central axis. Mirror positioning is accomplished by a servo cirive
on the x and y axes of the gimbaling fixture. Direct grovnd command, preprogrammed
positioning, or bot,% may be employed to direct the optical axis to a desired area of
interest. Shaft angle transducers attached to each axis could be employed to provide
pointing accuracy data.

ff a progrtu._med mode of operatior, were employed, the sequence of picture
taking could be planned to etimmate mirror translation in one axis for an exposure se--
quence before indexing t_ ancw position in the other axis. iz_ tbiv manner, wide vari-
ations i_ scene brightImss would be avloded by remaining in an area of relatively uni-
form illumination, and disturbing torques could also be minimized.

hnage rotation due to the 2-axAs transla'Ang mirror will be present. This
should not be detrimental, however, since the degree of rotation will be predictable,
and h'nage de-rotation can readily be accomplished at the ground receiver station.

'= 10. Shutters

Protection of the visible light senso_-s from direct sunlight is mandatory.
Image Orthicon tube imaging sections would be destroyed and Vidicons would be part-

_ iclly disabled or destroyed by exposure to the Sun's image. To prevent such ca -tastrophic
sensor failure, a capping-type shutter would be required to occlude the Sun's image.
During those periods when such accidental exposure is possible, as in the cases of the
spin-stabilized vehicle sensor and the full Earth clisc sensor of the larger v hicles,
occultation could be provided by a dual-purpose, electxomagnetic shutter of a de-

_ sign developed by S:_stems Associates Inc. of Haiesite N.Y. This design serves as
a high speed, controlled exposure time as well as a capping shutter.

The present designs cover about a 1 in. aperture, and provide speeds up
to 1/1500 second; theycould be developed for speeds better than 1/2000 second, which

_ is .adequate for the Image Orthicon sensor. For a 1 in. Vidicon having a format of
0.62 in. in diameter, the same design shows promise of meeting the r. cessary 1/4000

: _econd speed to also satisfy the spin-stabilized vehicle image motion requirement.

The System Associates shutter has been developed for special purpose
_ aerial photography and is preser, dy used in military mapping cameras. The shutter
_ principle is applicable to either bet_een-the-lens or focal-plane type devices. For

the intended application, a high speed focal pla_,e type appears to be preferable. The
shutter consists of A ,and B sets of blades that are cocked and latched with one set
open and the other closed. A small reset motor is energized only for the cocking
function and then shut down. Electromagnetic latches hohi the blade pairs and are
releascd upon command. Delay time between the release of the blade sets establishes

i the shutter exposure time desired.

Similar shutter designs have been accomplished by Optomechanlsms, Inc.
Pla_nview, N. Y. and 1/4000 second speeds are promised for small format sizes.
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Rotary focal plane shutters were considered for the controlled time ex-posure function and could provide slightly nigher speeds than the electromagnetic
shutter. However, they are not as readily adaptable for capping ftmctions and there-

_ fore are m_t considered as preferable for dual purpose operation.]
For reliability the Sun protection shutter function would require a command

pulse from a Sun sensor or similar device to initiate closure before the Sun is within

dangerous proximity to the optical field of view.

11. Aperture Controt

The wide dynamic range of illumination inherent in day and night cloud
cover imaging necessitate s the use of aperture control in addition to filter attenuation and

_ shutter speed variation for proper adjustment of exposure. Aperture variation canbe accomplished with either iris or Waterhouse type diaphragms. Present day aerial
reconnaissance cameras employ both types of diaphragms, with more recent designs
showing a preference for a two bladed, scissors type, Waterhouse diaphragm.

Where reliability is important, as in the SMS system, this type has marked advantagesover a mulitblade iris type by virtue of substantially fewer moving parts, tn addition,
the Waterhouse diaphragm can provide a backup capping function for Sun occultation.

Changes in aperature opening would be accomplished by a small serve
system that sets the relative aperature to the required position. For additional
reliability, the diaphragm should be designed so that the system would automatically

return to the maximum aperture in the event of malfunction. _ feats.re would
enable continued system operation through variation of shutter speed or filter attenuation,
to provide the same iucident ilhtmination of the tube photocathode over a substantial

range of scene brightness levels. Fi_lre 3 _44 shows the relation of aperture to ex-posure time and the equivalent f/number for various exposure fractions. For example,
if a predetermined time exposure were halved, and the scene brightness held constant

an equivalent f/number co old be selected to mainatL_ constant photocathode illumination.As an example, if a basic relative aperture of f/4.0 were used, and the exposure were
reduced by one-half, the aperture would have to be increased to f/2.8 to provide the
same exposure.

A further consideration in aperture control would be to permit ground
override of _he automatic exposure system based on scene conditions and the meteoro-

! _ logical significance of the cloud image..
t
! 12. Materials and Weight

; The problem o_ satellite weight limitations requires that the optical
! systems employ the lightest weight materials commensurate with resolution and

_t structural considera _t!_ns. Materials for optical systems are ,tmited, and the
U weight ratios between materials may be as high as 5 to 1. Optical first surface

,l mirrors can be produced from glass (quartz/pyrex), aluminum, or beryllium having:
densitles of 0.10 lb/cu, in, 0.11 lb/cu, in. and 0.06 lb/cu, in., respectively. From

It this compari_on it is apparent thatberyllk_m affords the lowest weight potential.
-i _ In addition, utilization of the mirror proper for structural tie-in wou!d further ira-i|

, prove weight savings which can. be accomplished with nonglass materials.

t
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Figure 3-44. Exposure - Aperture Relationships

•the reflective system structural design would necessitate careful con-
sideration for maintenance of optical relationships while minimizing weight.
Thermal considerations are of importance and are reflected in the lens housing
design. For example, Perkin-Elmer of Norwalk, Conn.: h_ produced space
probe prototype optical systems employing all-Invar designs to maintain outicat
integrity. Conversely, Itek Corp, of Lexington, Mass., has built all-aluminum
housing_ and mirrors that are designed to maintain focus with thermal expansion
by compensating for variations in "_'ocallength. Weight r:_tio_ betwecn such systems
may be 3 or 4 to 1. Thermal gradients within the optical system have been minimized,
according to Perkin-EImer, by covering tbc lens housing; with a black matte backed
a]tuntaum foil. It is not ant2cipabed that automatic focus compensation of the 8MS
sensor optical systsms would be required due to the comparatively small range of
vehicle temperature variation expected (* 10" C about a nominal temperature of 9_op._

A survey of optical systems was made to determine, ff posslble_ relation-
ships be.tween optical parameters and system weight. In conducting such a survey it Is
important to recognize that o_ic_i systems of the _ame relative aperture and focv.1
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]_ length can vary considerably, depending upon overall design. A catgdioptric system

employing a lar_ correcter plate would weigh more than a purely reflectS.re system;
similarly, l_fractive lenses of comparable focal length and aperture would vary, de-
pending upon the number of glass elements in the lens design.

With these potential variations in mind, a graphical presentation (Figure

3-45) was prepared to illustrate the relaHve weights of refractive and reflective opticalsystems as a ftmction of aperture diameter. The refracting leus data is based on typical
lenses designed for aerial reconnaissance by the Pacific Optical Division of Chicago Aerial
Industries. It will be noted that, with the exception of one lens, a straight line can be

drawn with a fair degree o_ c_orgidence. The reflecting _ys_ms weight-to-ape.rture re-
lations are based upon both actual and estimated data obmlned from Perkin-Elmer, Itek,
Electro-Mechanical Research, the Westinghouse Air Arm Division, and Republic A_mtion

Corporation.

_/" !IACTUAL!i

_EPRESENTATIVEREFLECTIVE "TEK '1'2 /v [ i
OPTICALgYSTEM _ " ! O/ I I
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Figure 3-45. Optic_l System Weight Versus Aperture

E. SPECIAL TECHNI@UES FOR DA" '_NIGHT EXPOSURE CONTROL

It has previously been shown that the range of il]:amination levels expected at the

sensor photoca_hode varies at least eight decades for a day-night visual _ensor. Success-ful use of any Imown sensor dictates frequent ad_s_nent of the optical and camel's con-
trol settings to obtain optimum-performance, It is difficult to make these adjustments

through the command link without potentially subjecting the sensor to a condition resultingin permanent damage. Therefore, it is essentla2 to automate as many operational para-
meters as possible, while recognizing the penalties involved in additional weight, si_e, and

U complexity. It should also be realize d that the net system reliability may be increasedthrough this automation process. The follow_mg paragraphs describe te_hniqu_s for ad-
Justing _he eamera system to obtain an unattended TV system with optimum perf0zuuane_
throughout the entil_e dayvnight env_ronme_L
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2o Neutral D3nsity Filters

Neutral density filters are commonly used to reduce light intensity in
accurate steps. There is a precise relationship between density (D) and trans-
mittance through the lilter; ttms, 10 -D = transmittance. Filters are avaliable in a
wide variety of density values from 0.1 through 4.0 from Eastman Kodak Co. ;
densities of 0.1 and 4+0 correspond to transmittances of 80% and 0.01%, respectively.

One praeticaJ methodof incorporating neutral density filters is to insert
two filter wheels arranged in cascade ia the light path. By locating them at _ nodal
_int i_ the optical system, their sizes can bc reduced, One filter wheel eenta_s four
different density filters; the other wheel containr, eight filters and is geared to rotate
four times a_ fast as the first wheel. Thus, for each filter in the first wheel, the high

speed whvcl ac_s as a vernier with eight steps. Norden Ketay is utilizing such a system
in an Image Orthicon camera chain presently under development, and expects to obtain
approximately sLx orders of magnitue_e control of illumination.

There are _everal ways in which an error signal can be derived to operate
the filter wheel drive motor. The video signal can be sampled, compared to a ref-
erence level, and the resulting error signal made to control the motor rotation for
constant video amplitude. A separate photoconductive or photovoltaic cell could also
be used to sense changes in illumination. These could be used in either an open-loop
or closed-loop system. Similarly, a photomultiplier can be used. An additional
method which has been successfully employed is to use the photocathode current to
indicate average photocathode illumination°

In an existing camera chain, Bendix uses a three-sector fn_r wheel
with interpolation between sectors accomplished with iris _.ontrol for a total densiW
variation of 6.3. This system is completely automated.

2. Automatic Iris Control

In this method of light control, error signals can be derived as de-
scribed in the preceding paragraphs. By physically stopping a lens from f,'2+ 0
to f/128, a 4000:t reduction in photocathode illumination is achieved. It should
be recognized +hat diffraction limitation effects exist as a lens aperture is re-
duced, and suitable precaution mus_ be taken to insure that the lens does not
become the limiting element in system resolution.

3. Photocathode Pulsing

i This technique is based on the principles underlying the operation of

the imaging section of an Image Orthicono The photocathode emits photoelectrons
instantaneously when light quanta are imaged upon it. These photoelectrons are

:. electronically imaged upon a target that stores its accumulated charge in the
interval between successive beam scans. The target integrates the photoelectrons

:_ from the photocathode. Photocathode pulsing is a technique for periodically in-
terrupl2ng this stream of photoelectrons to achieve target buildup control. It is

i implemented by Pulsing the accelerating voltage between the phot_athode and the
target. By varying the duty cycle or the repetition rate (or a combination of both)
of the pulseci accelerator _ottage, a range in excess of 1000:1 in effective light
intensity oan be achieved.
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The photocathode txtl_ing me_hod of electronic shuttering is not achievedwithout observing precautions. The waveshape of the pulsed voltage must be accurately
controlled to achieve short rise and fall times wT_fle the top of the waveshape (corres-

por_ding to the _'on"time of the photoelectron stream) must not only be extremely flatbut also reach the same absolute potential ff defocusing is to be avoided. 'I'ne photo-
cathode is continuously being exposed, so care must be taken to prevent it from over-

heating. Additionally, since the photocathode is transparent, light will fail upon thetarget. The target consists of materials with high secondary emission cilaracte_-istics,
and correspondingly !ow work f,_ctions, resultiug in 8ome phoioe!e,-_rie properties,
Although the target is not in the optical focal plane, some light wit! reach it. Suitable

_ precautions must be taken to prevent deleterious effects on picture quality.

4. Target Feedback Control

If the foregoing methods are employed to maintain illumination at ap-
proximately 10-4 to 10-3 foot-candle, excellent quality pictures can be obtained. As

• the qlumination on the photocathode is decreased, the scanning beam current required

to discharge the target is decreased approximately proportion.
in direct If, under

these cordit_ons, a bright object appears in the field of view, the beam will be in-
sufficien', m discharge the highlights. This will result in image '_looming" and can

in some instances result in complete deterioration of the picture.
To alleviate this possibility, a technique hasbeen utilized, by Dr. W.

Livingston of Kit_ Peak National Observatory. It consists of sampling the videosignal, amplifying it, and feed_g it back to the target mesh. The video variations
are coupled to the target by means of the target_mesh capacitance. In effect, the
beam see_ a constant potential field. During the scan, each picture element receives

_. approximately the same quantity of charge from the beam. The video signal becomesthe voltage variations on the target mesh.

This method results mainty in improvement of dynamic range by ex-tending the capability for discharging the target at levels of illumination above that
for which the beam current is set.

5. T_tage _'witching_

This is a tec}mique for extending the dynamic range of illumination over

which an Im_g_e Orthicon operates. It can extend the range of illumination fromapproximately 60:1 to 600:1 within one exposure.

In operation, the target mesh l_otentiat is increased to a positiqe value(10 to 20 volt_) and the targetscarmed by the reading beam with the lens capped. This
establishes the scanned side of the target at cathode potential. The beam is then cut
off and the lens uncapped. With the termination of the desired exposure, the lens is

again capped. The target is now charged corresponden0e scene
in to the illumination.

This may extend from 0, to 10 or 20 volts. The tube is timlted in its ability to
faithfully reproduce this dynamic range because the target is unable to modulate

the return beam fully, and also because the low level illumination signals are maskedby beam noise.

U
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{
I£ the target potential is reduced to 1/3 the initial voltage, some areas of

the target will be below cathode potential, tn these areas, the scanning beam is
repelled and no modulation occurs, ttowever, in other _reas modulation does occur
and video signals are generated. These correspond to high scene illumination areas
where the target has been charged close to the full initial targe_ voltage. W_en these
areas are scanned, electrons from Lhe beam are accepted, discharging these high-
lights. The target potential is next switched to about 2/3 the initial target voltage in
the interval between trame scans. Now, areas of the target that previousty were at
less than cathode potential are raised in voltage and are capable of modulating the
beam. After comple_ion of thi_ frame, the target is sequenceo v.. :he original voltage
and again scanned out.

The above description was written for three-step target switching.
Excellent results have also been obtained in a two-level system. It should be

recognized that the normal frame interval is increased by the number of steps used. l
A target with excellent storage capabilities is required. General Electric has re- (
ported that the magnesium oxide target is capable of storing a 500 line picture for 5

mhmtes in an u_mooled tube with no "risible degradation in resolution. I

6. Video AGC and Beam Control

The techniaue described here was developed by the Admiral Corporation
and incorporated In an underwater low light level Image Orthicon camera for the
United States Navy.

In an optimally designed camera _ystem, the low light level performance
is limited essentially by the scanning beam noise of the Image Orthicon tube. Ti_e
signal to noise ratio of the Image Orthicon outpu_ signal is approxima_ly proportional
to the square root of the highlight illumination in the scene. This can be seen from
the following argument. Optimum beam current adjustment occurs when there is just
sufficient current to discharge the scene highlights. Thus the beam current (and
therefore the signal current) is approximately proportional to the illumination. The !
noise, however, is proportional to the square root of the beam current. Hence, the i
signal to noise ratio is proportional to the square root of the illumination.

The basic design of automatic video gain and scanning beam current control !
for the Image Orthicon is based on satisfying two inverse transfer functions. These are
b.-st exemplified by the fact thaL in operation under high highlight ilium:nation, the
scanning beam current is at a maximum while the ¢ideo gain is at a minimum. The !
converse is trim when operating near the sensitivity threshold of the Image Or_hicon
tube. Fortunately, these inverse functions are reasonably linear over t_,e ope_'ating
range of the tube. A sensing method is used to detect the peak whites or highlights
in the picture and generate the error signal for control purposes.

Video gain is varied by adjusting the amount of negative feedback applied
to three different amplifier stages. Negative feedback is adjusted by a potentiometer
connected ir series between the emitter and ground, the emitter side being bypassed
down to frame frequency. The three potentiometers are driven by a common shaft
connected to the drive motor.
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The scanning beam current is adjusted by varying the control grid poten-

i] tial of the scanning gun. Tbi_ is accomplished by a potez_tiometer on the same shaftas the video gain potentiometers. Three other controls are associated with the beam
control to adjust its range and starting level, and to provide proper tracking with the
video gain controls. These controls are adjusted to match the characteristics of the

I individual Image Orthicon.

The video signal is fed to a detector which produa_ _ a DC signal pro-

! per_ional to the peak white tevel. A comparator circuit com_res the detected signalwith a reference potential and generates an error signal in a choPI_r circuit. The
amplitude of the chopper output is proportional to the magnitude of the error, and its

(--_ phase corresponds to the polarity of error. The chopper output is amplified and used

!_ to drive a contro! motor on whose shaft are the three video gain controls and the beam
potentiometer. The motor turns in the proper direction _o maintain a constant video
output level.

i! The system has been operated with the Westinghouse WX 4323, General
Electric GL-7538, RCA C-74034 and 5820 Image Orthicons. A dynamic range of light

I] control of four orders of magnitude is claimed. Response time of the loop is 1.5seconds for full excursion of the shaft.

[ _ 7. Bandwidth Rolloff
It

' The low light level Linage Orthicon exhibits fall-off in resolution as the
illumination at the photocathode is reduced. Typical tubes can resolve about 700

I! lines at 10 -4 foot-candle and 150 lines at about 3 x 10 -7 foot-candle. As the lightlevel reduces, resolution and signal fall to the point where beam noise establishes
I

the tube threshold.

Improvemen_ of signal to noise ratio can be achieved if the reduced
available resolution of the Orthicon is used. By reducing video bandwidth until it is

: _ just adequate for the available resolution, high frequency beam noise is reduced, re-

i sulting in a better signal to noise ratio and ultimately in an in Lproved displayed picture.

' From the discussion in the previous paragraphs, video gain was seen to
i increase with decreasing light level, It is now seen that bandwidth m,lst decrease
i i with decreasing light level. Both conditions can be satisfied almost simultaneously
, if bandwidth rolloff is made a function of video gain. This can be accomplished by

I] using emitter degeneration. Care must be taken in this sytem to preserve adequate
Lt bandwidth for the available resolution; other_vise, unnecessary degradation will be

introduced.

1 Bandwidth rolloff has been used by the Admiral Corporation w_th what is

" " reported to be a significant improvement irt system signal to noise performance and
picture quality.

[]
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F. SYSTEM ANALYSIS

This subsectiondmcusses the major fa-',torsconsidered indetermining the
p,_rametersof a visiblesensor systcm for observing clouds from synchronous

altitude.Many considerationsare involved,and the interrelationshipsbetween

them are presented inparametric form by the use of tables,nomographs, and
gr:_phs. The range ofparametric variationshouldfulfillthe requirements of

presentlyavailableconfigurationsas well as any thatmay become practicablein
the foresee:,ble future.

1. _Design Considerations

a. Resolution Degradation Off the Nadir

An imaging system in which the Earth is focused on a plane
sensor can be regarded as having the flat-faced sensor projected upon the curved
Earth. Equalty spaced scan lines on the sensor project ou the Earth as unequally
spac. _ lines; the spacing increasing as the distance from _he nadir increases.
Figure 3-46 shows the increase in resolution element size as a function of the
angle subtended at the center of the Earth. It can be seen that at 50" off the nadir,
the resolution element is twice as large as at the nadir; at about 75 °, it increases
by a factor of 10.

 IIIIIIIIIXIItll
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Figure 3-46. Resolution Degradation Versus Angle Off Nadir
Normalized to Nadir

t
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b. Exposure Time
The allowable exposure time oi the sensor is limited by the

requirement of image immobilization during exposure. In the case of a spin-

stabilized vehicle, exposure time is a function of the spin rate. For a 3-axisstabilized vehicle, the ability of the attitude control system to reduce vehicle
motion determines the exposure time. Figure 3-43 shows the exposure time

,_ required for a spinning synchronous satellite to reduce ground smesr to specifiedvalues. It is seen that for a spin rate of 10 rpm and an allowable ground smear
• • $:_of 1 mile, an exposure time no greater than 0. 043 mill,s, cond must b.. used.

Figure 3-20 is a similar plot for _ 3-axis stabilized veMcle, which enables the

control be For if it is desired have 10system rates to specified. example, to a

second exposure time and a I mile ground smear, the vehicle angular rates must
be less than 2.5 x 10-4 degree per second.

'_ c. Illumination Variation

Section 2 contains a detailed examination of the illumination levelsexpected a_ the sense: sensitive surface. From the vantage point of the synchronous
satellite, extremely wide variations of iltumination are encountered. Daytime
viewing conditions result in approximately 5 x 103 foot-candles at the sensor from
the tops of cumulonimbus clouds (albedo = 0.7) at 46,000 feet altitude. During

_ nighttime viewing, the sensor illumination can be lower than 10-6 foot-candle.
While this range of illumina_on is greater than nine orders of magnitude, it can

be accommodated by tec,miques described in Section 3, subsection E, proviJedit does not occur in a single exposure.

No sensor yet devised has the ability to accommodate this rangeof illumination in one scene. Typical sensors (Vidicons, Image Orthicons, etc. )
have a maximum dynamic range of between 35 and 100 to 1. (Certain special types,
such as the SEC Vidicon and Image Isocon, may range as high as 200 or 250 to 1.)

Because a synchronous satellite is essentially stationary over a point on the equator,its field of view covers nearly half the Earth's surface. When it is noon at the
satellite subpoint, the entire disc of the Earth is illuminated by direct sunlight.

Even under this condition, which occurs for a short period of time every 24 hours,the range _f illumination at the sensor corresponds to sunrise at the west edge of
the disc, sunset at the east edge of the disc and high noon at the satellite meridian.

In general, some portion of the Earth's disc will be in sunlight for greater than90% of the time, and the te_ninator (line of demarcation between day and night on
the Earth) will be withiu the field of view.

H Since the range of illumina;'on levels is likely to be greater thanthe dynan_ic range capability of the sensor, the only practical method of obtaining
complete Earth cloud cover is to use a mosaic of pictures with the illumination

_ range in any one picture restricted to about two orders of magnitude. Ira single
picture of the full disc _f the Earth is desired, the best obtainable would be one
in which only the sunlit portion of the Earth is correctly exposed.

[ d. Sensor Selection
i
I

Section 3, subsection C pre_ents the results of an e_tensive

_ survey of existing and planned visual sensors. Although many devices are des-
i _ cribed, the choice narrows to two (Vidiconand Image Orthicon)which are suffi-
; cientlyadvanced to accommodate the _;MS. The Vidicon can, withinthe limitsof

in
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present technolog-j, be used for daytime viewing. The Image Orthicon is suitable
for both day and night viewing, but not without penalties in size, weight, power,
complexity, and reliability. Another device, intermediate between the Vidicon
and Image Orthicon with respect to resolution, sensitivity, and complexity, is
the SEC Vidicon. It may fill in the gap between the other two in the next few years.

A fourth device, the Image Isoccm, promises a substantial im-
provement in signal to noise ratio and dynamic range performance over the Image
Orthicon, at the cost of increased operating complexity. If further clevelopment
is carried out over the next few years, and this tube becomes fully operational,
it may well _upplant the Image Orthicon in such applications as the SMS program.

Finally, while no tube available today approaches the low light
level capabihty of the Intensifier Image Orthicon, its drastic fall-off in resolution
at higher light levels, together with its large size and high voltage, renders this
sensor unacceptable for the cloud cover system. Image Orthieons with even average
sensitivity provide adequate resolution, with 1 second exposure periods, under
near starlight scene illumination conditions.

In the paragraphs that follow, an attempt is made not only to
select a sensor but also to predict its performance. In any such attempt, it is
most desirable to be armed with experimental data closely related to the intended
application. It is expected that in an SMS system the method of using the sensor
will be different enough from conventional TV that judicious use of existing data
will be mandatory. This is not to say that existing data is of no use; rather, it
should be treated as a fotmdation upon which extensions can be built. Strong
emphasis must also be placed on the techniques by wMch existing data were ob-
tained, to assess with corffidence its applicability to situations for which the
original measurements were not intended.

There are many differences between conventional TV systems
and those for use in the SMS. The most important are that cony .... _nal TV uses
a multiple scan, high frame rate presentation and displays the, ,_ mation on a
monitor. Continuous imaging upon the sensor is used, as is simm,a_,eous readout.
In the SMS application, a single scan will L_ used, the scan rate will be drasti-
cally reduced, and sequential exposure m,d readout is contemplated. /n conven-
tional multiple frame systems, integration of signal and noise takes place in both
the monitor phosphor and the observer's eye, resulting in adequate visual pic*ures
obtained with electrical signal to noise ratios of the order of 0.1. Comparable
performance in a single frame exposure requires a signal to noise ratio of about
20, or 200 times greater. Some compensation is provided however, since slow
scan operation results in higher signal to noise ratios than conventional scan
rates. In addition, other benefits accrue from low frame rates. Longer photocathode
exposure times are available, permitting image integration to occur and thus
build up a g;ven charge pattern with lower light levels. Because readout besm
velocity is lower, the beam current required to discharge a given target charge
is reduced. This results in a potentially increased resolution because of re-
duced beam cross section and refined electron beam optics, as well as less
beam noise (since beam noise is directly related to beam current). By using
a slow scan, the vldeo bandwidth is ,-educed, and techniques such as Target
Feedback control can be applied that are extremely difficult to use under standard
rates (Section 3, subsection E. 4). Reduced video bandwidth, of itself, permits
higher signal to noise ratios by filtering the noise spectrum, and also allowing
higher iuput impedances to develop larger Mgnals.
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l Vv2_.ilethe above describes the, trends taken by various effects,the quantitative results of their combined effect has not been measured, an3 there
is no substitute for experimental verification. Experiments in slow srau opera-
tion of Linage Orthicons have been made at several astronomical observatories,

z| but caution must be used in applying the results. Here, point sources of light
L_

(stars) are being viewed. The sigi_al to nols2 ratio required for threshold detec-
tior_ of point sources is lower than for extended sources {such as clouds). The

sensors used were cooled to temperatures not anticipate3 in the SMS. The career8systems were not designed for automatic, unattended operation. Finally, many
results were obtained by a cumbitmtlon of target integration and _hotographic film

integration.
From the above discussion and judicial use of existing data, it

is postulated that sensor performance be estimated as follows. Resolution versus

] illumination for conventional TV systems is used to determinP resolution for
a

specific photocathode illumination. For a stow scan system with 10 second frame
time and simultaneous e_ sure and scan, the illumination required by the SM8

| } sensor is reduced by a factor of ten, and the resolution increased by 50%. A
[i further modification of illumination can be made if scene contrast is less than

100%. The illumination increase reqm,_J for a particula_' scene contrast is ob-

[I rained from Figure 3-16, which is based on the performance of an ideal imaging
lJ device. These modifying factors are judged to be obtainable, and are probably

on the conservative side.

l-i Considering t_e Vidicon and the Image Orthicon as potential
sensors, the choice between them is not a difficult one to make, if the mission
objectives and constraints are defined. For night viewing, only the Image Orthicon

] cPn be used. Figure 3-27 is a plot of limiting resolution versus photocathodeillumination for typical Image Orthiccns operated in a conventional manner. From
this figure, a selection can be made on the basis of resolution and light level.

[_ Other factors, of course, are involved. The spectral characterJ_ tics of the photo-i cathode should match those of the scene tc be viewed. For night viewing, it is
desirable to have a Mgh efficiency photocathode with infrared response, such as
the S-20. Also, if high sensitivity is to be achieved by target integration, it is

!i necessary to use thin film metal oxide targets.

The V[dicon signal to dark current ratios for several tubes a.e
plotted in Figure 3-22. The limiting source of noise in well designed Vidicon
camera systems is in the video amplifier. However, there is another source of
noise in the tube itself, the dark current, which can exceed the video amplifier
noise current in some tubes. If slow scan is used, or long exposure times are
contemplated, a tube shouid be selected that exhibits good storage and lovl dark
current. It should be recognized that dark current of itself is not a noise con-
tribution, but rather noise stems from the variations of dark current. Dark

i current is indicative of these variations and is therefore used as _ measure of, noise for the purposes o_ Figure 3-22.

Another factor of prime importance to the meteorologist is the
gray scale rendition in a picture. Figure 3-47 is a plot of the signal to noise
ratio required to resolve a given number of gray steps, each step related to the
next by a factor of 1,414. Present th!n film Image Orthioons can r_produce
eight or nine gray steps. Vldicoa_ are capable of about nine or ten gray steps.
Estimates for improved tubes run as high as thirteen or fourteen steps.

3-81

ii

1964007783-136



GRAY STEPS RELATED BY _ IN BRIGHTNESS /
NOISE RMS AMPLITUOE WITHIN ONE GRAY STEP
S PEAK TO PEAK SIGN&L / ""

I00. 40 "'N'= RMS NOISE A t ' "

I0 ...... _ ,, l.....

I
2 4 6 B I0 12 14 16

NUMBER OF GRAY STEPS

Figure 3-47. Gray Scale Versus Signal to Noise Ratio

e. Optical- Sensor- Illumilmtion Interrelationships

Figure 3-48 is a combined presentation of the relationships
betweer_ scene illumination, scene reflectivity, lens efficiency, photocathode illu-
mination, and typical sensor resolution. Perhaps the best method of describing
its utility is to illustrate its use in a typical example. Consider- that for a specific
condition it is determined that the illumination on the scene is expected to be 1
mitlifoot-candle (corresponding roughly to quarter Moon conditionr), and that at
least 500 Hnes resoluti6n is desired. _nspec_on of the sensor characteristics
shows that if the photocathode illumination is 5 x 10 -5 foot-candle, the following Image
Orthicons can be used: WL-22724, GL-7967, m,_ C-74034. The intersection of
5 x 10-5 photocathode foot-candle, and 10 -3 scene foot-candle occurs at a mutti-
plier constant of 0.005. This mulUplier constant is achieved for an f/4.5 lens and
scene reflec_v|ty of 0.4, or an f/5.3 lens _ud scene reflectivity of 0.6, which is
_ypical of stratos and nimbus type clouds. The tube data plotted has been modified
by increasing resolution by 50%.

f. Earth Coverage and Resolution

Figure 3-41 is a nomograph *hat relates sensor resolution, sensor
size, ground resolution at the nadir, Earth coverage, and leus focal length. It is
designed to be used with t_e central scale (ground coverage) as a pivot point for a
straightedge. TyF_eal examples will be used to describe i_ use. Suppose that a

1 in. Vidlcon i_ to be used to cover the full Earth disc in one picture. A straight-
edge placed between 0.44 in. p_c_re height and 8000 miles ground coverage shows
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that a 1.2 in. focal length lens is required. Pivoting the straightedge about 8000
miles indicates that 10 mile ground resoluUon can be achieved with 800 TV lines
resolution per picture height. Another example that van be worked out on this
nomograph is that 3000 line resolution is required to achieve t mite ground rese-
lutton with a _overage of 3000 miles. If a 3 in. Image Orthicon were available
for this, it would require the use of a 9 in. focal le_gth lens.

g. Optical °:/stem Weight

Subsection 3. D is concerned with the optical considerations
involved in the SMS. Figure 3-45 of tha_ section depicts the weight of an optical
system as a fun,._tion of the aperture diameter. The aperture can be obtained by
using _e relationship:

focal le____
D = f--_er

The weight of the optical system can now be approximated with the aid of Figure
3-45.

h. Readout Time and Transmission Rate

After a determination of ground resolution and coverage has been
made, the trade-off of readout time and transmission rate can be obtained by using
Figure 3-49. This figure is a nomograph that has been designed with the center
scale as a pivot point. A s;ratghtedge placed between lmown values of ground reso-
lution and ground coverage will intersect the center scale. Pivoting the s_raight-
edge about this point enables one to determine the transmission rate {in picture
elements per second} corresponding to a given readout time. In an analog o.ommu-
nlcation system, the baseband frequency bandwidth required is approximately half
the transmission rate, since one frequency cycle correspond_ to two picture ele-
ments. For example, the disc of the Earth can be ccvered with 1 mile nadir
resolution in a system _"ansmitt[ng 6.4 ._ 106 picture elements per second and
using a readout time of I0 seconds. Figure 3-41 can be used to determine that
accomplishing this in one frame requires a sensor resolution ef 8000 lines per
picture height, assuming a square raster.

If a mosaic of pictures is to be used for large area coverage,
several additional considerations are involved. If the maximum capability of the

' sensor is most efficiently used, a square raster is required. To cover an area
that lies in a square inscribed within the disc of the Earth, suitable overlap of
individual pictures must be allowed to ensure complete coverage. The percentage
of overlap will vary with the system and is influenced by vehicle stability and
pointing accuracy of the sensor system. If coverage of the disc of the Earth with
resolution greater than that allowed by one pic_u_ is required, a mosaic can be
used. Here_ also, overlap should be _onsldered.

There is another factor in this situation. One might be temp_ed
to increase ground resolution by covering the t;arth with two pictures. _towever,
nothing is gained in this situation, since the sfze of each frame is identical to tha_

l in the one-frame case. The same situation applies for three-picture coverage ofthe Earth. With four pictures, it ts possible to increase ground resolution by a
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factor of two (linear dimension). But again, five-picture coverage is no better

than four-picture coverage. It can be seer_ that improvement is achieved only Z
when the number of frame_ is a perfect numerical square, i.e., 1,4, 16,25,36,

_ etc. When this series reaches 49 pictures, another factor arises° With 49

frames, four will be in the corners of the Earth disc circumscribed square and
can be eliminated since they contain no useful information. Therefore, the above
series continues as: 45, 60, 77. All intermediate numbers offer no impro, ement
over the next lowest allowable oues from the series.

i. Size, Power, and Weight i

It is well recognized that size, power, and weight are of prime
importance in satellibe sy3tems. It is lik3wise axiomatic that increased perfor- i
mance is accompanied by increased penalties in these parameters. Trade-offs
are necessitated in the face of conflicting requirements of maximum performance
and reliability on the one hand, and minimum compiexity, size, weight, and power i
on be other. While consideration was given to these parameters during the course
of the SMS study program, there was insufficient time and available da_ to fully
_xp_oz: them. Another complication is the current unavailability of an Image !
Ortl_con camera system for satellite use. Presently available Image Orthicon

! camera systems would require modifications to be compatible with long term
: ur, a:tended operation. It is possible to add remote control through telemetry to
: ex_ting Image Orthicon systems, but this would not result in an optimum package.

C_, the other hand, Vidicon camera systems are used in Tiros, and are i_ an
- advanced state of ¢,evelopment for Nimbus. It is quite likely that even tb.es_

cameras can be miniaturized, perhaps using thin film techniques and integrated

There are several sizes and types of Vidicons and Image Orthi-
_ cons, and while specific _ize, weight, and power are difficult to a_certain with

a fair degree of accuracy, it ts possible to assess their positions on a relative

5: scale. _ the Vidicon category, the i/_ in. tYI_ (as used in Tiros) is mo_t com-
_ pact and least complex. The 1 Lu. and 1-1/2 in. tubes rq_k next. A considerable

savings in power, weight, and size can be achieved in the electrostatic versions
i of these tubes. Even in the electrostatic type_, there are further subclasses of

electrostatic focus, magnetic deflection and the all-electrostatic version.

Image Orthicons are availab!e in 2 in. 3 in., and 4-1/2 in.

diameters, with both electrostatic and magnetic versions in some classes. The i
potentially most compact hnage Orthicon camera is one built around the GE 2 in. ,

electrostatic tube. Both Hazeltine and GE are building camera systems usin_

this tube. The next most compact, low power camera would use the RCA 2 in.
:_ magnetic Image Orthicon. A camera system using this tube is trader development l
ii by Raytronics. The Hazeltine and Raytronics cameras are intended for use in

Nimbus, and will therefore contain control circuits for unattended operation.

GE's camera is a general purpose engineering model. Company plans are to._ modify the camera for unattended operation by late 1964. The 3 in. and 4-1/2 in.
Image Orthlcons are available only in the full man-aerie type, are larger and need
more power. Howe.ver, their performance exceeds that of the smaller tubes.

Table 3-3 contains data on cameras which are either operational
or under development. All figures exclude the optical systems except where noted.
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TABLE 3-3SUMMARY CHARACTERISTICS OF TYPICAL CAMEBA SYSTEMS

Average

C_mcr_ Tube _ ToLl Power Volume

Mamffacturer T:y_pe Number Weight (lb) Watts cu. in.

General Electric 2 in. ZD-7804 14 25 367

E.S. (GE)I.O.

i_ Hazeltine 2 in. Z L-7804 15 30 3201 E.S. (GE)
!.O.

[i Raytronics 2in. C-74081 18 36 450
Mag. (RCA)
I.O.

(Tiros) Mag. (RCA) (Includes Lcns)

vid.
[ ] RCA 1 in. - 20.6 19 482

(Nimbus-APTS) Mag.

_ Vid.
RCA 1 in. - 14 19 300

I (Rauge_) Mag. (Includes Lens), Vid.
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2. Typical Examples

This subsection applies the considerations descl-ibed above to. implement
typical camera systems. Two examples are presented which are believed to be
typical of expected performance, although no formal optimization or error analysis
is executed. The perfo,'manee guide lines withil_ which each system is constrained
are as follows:

(1) Minimum Capability Vehicle

• Full Earth disc coverage

• Spin-s_bilized vehicle, 10 RPM spin rate

• Minimum size, weight, power

(2) Medium Capability Vehicle

• Full Earth disc coverage, low resolution

• Selected area, high resolution pictures, 25 frames
maximum

• Cycle time, once every 30 minutes

• Vehicle stabilization 0. 003 degree per second,
3-axis stabilized

• Modes'ate size, weight, power

a. Minimu.T_ Capability Vehicle

The requirements of minimum size, weight, and power dictate
the use of a Vidicon camera system. Although ground resolution is not specified,
a reasonable figure of not !es. _ than one scan line per 10 miles at the nadir will
be assumcd. D. S. Johnson, in an article in the Journal of the SMPTE, January
1960, used a photograph of a simtl]ated satellite picture which shows that many
major cloud features are retai_md at this resolution. For a permissible smear
of 1/2 TV line (5 miles) at the 10 RPM spin rate, Figure 3-43 indicates an ex-
posure time of 0.2 millisecond.

Having selected a Vidicon suitable for slow scan operation and
an exposure time, we can predict _he illumination levels over which the system
will operate. _, typical high sensitivity Vidicon (Machlett 7351A) produces 500

line resolution at 5 x 10-2 foot-candle on the photocathode. Anotherhigh sensi-
tivity Vidi_.on (Westinghouse WX-5915) is capable of 200 lines at 10-_ foot-candle.
With increased accelerating potentials and magnetic fields, the resolution increases
by about 60%, corresponding to 800 lines and 300 lines, respectively. These
figures are for normal scan rates. Following the procedure outlined in subsection

' F.l.d the illumination required is reduced by 10, and resolutio:; is increased by
50% when a 10 second slow scan system is used. Thus 1200 lines should be ob-

: tained at 5 x 10 -3 foot-candle, and -_50 lines at 1 x 10 -4 foot-candle for slow scan

operation with continuous imaging. For shuttered operation, the target is assumed
to be an excellent integrator, and the product foot-candle-seconds remains con-
stant. With a 10 second readout time, the photocathode illumination for 0.2 milli-
second exposure is 250 foot-eandle_ for 1200 lines resolution, and 5 foot-candles
for 450 lines resolution. These illuminations correspond to highlight levels, and
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because of the dynamic range of the tube, det is will be observed at much lower
scene illumination. With the aid of Figure 3-41, it can be determined that 1200

_I lines_ using a 1 in. Vl :icon, will require a 1.25 length
in. focal lens to cover

the disc of the Earth with less than 7 miles nadir resolution. From Figure 3-48
assuming an f/l. 5 lens and 60% scene reflectivity, it can be determined that

r _ the scene illumination is about 3750 foot-candles for 250 foot-candles on the
_ photocathode, and 75 foot-candles for 5 foot-candles on the photocathode. These

values correspond to 1200 and 450 line resolution, respectively. The maximum
(_ illumination incident upon the photocathode during daylight hours is about 1006

} foot-candles. To operate the Vidicon at its optimum illumination level (about
250 foot-candlesL light control over a range of 4:1 is required. However, if
no light control ls employed, the maximum illumination will be equivalent to
two f-stops above the knee of the transfer characteristic. This is tolerable be-
cause the knee is not well defined and also because typical commercial operation
is one f-stop above the knee.

The optical exposure is achieved with either a curtain type focal
plane shutter or a rotary focal plane shutter. By using a slow sca_ Vldlcon, long

" frame readout times can be employed with a concomitant reduction in video band-
width and transmitter power. Figure 3.-49 shows that a transmission rate of
140,000 picture elements per second corresponds to a 10 second readout. The

,_ resulting video bandwidth is about 70 KC. Because of the slow readout time, it
, may be necessary to use a digital sweep generator to obtain good linearity. The

shutter exposure initiation time can be obtained from a horizon sensor, which
indicates when the Earth comes into the field of view.

I "l

-: b. Medium Capability Vehicle

f " This system requires both full Earth coverage (assumed low
', resolution) in one frame, and multiple-frame pictures at ._,2ghresolution. With

a 3-axis stabilized vehicle whose stabilization rate is 0. C,_:-3degree per second,
Figure 3-20 shows that an exposure time of 1 secondwill produce a 1 mile ground

! smear. A 2 in. Image Orthicon presently capable of 625 line resolution ( square
raster) should resolve about 1000 lines at slew scan rates. From Figure 3-41
it can be determined that a 14 in. lens permits 1280 mile coverage at 1.3 mile

/ nadir resolution. Maximum ground smear is about 3/4 of a resolution element.
At stam:htrd scan rates the RCA 2 in. Image Orthicon C-74081 produces 200
lines resolution at 3x 10-6 foot-candle and 625 lines at 10-2 foot-candle on the

I photocathode. Under slow scan operation, at a 10 second frame time, the tube
should be capable of 1,000 lines at 10 -3 foot-candle and 320 lines at 3 x 10 -7
foot-candle, assuming continuous imaging and readout. For 1 second e) posure
and _0 second readout, the illumination requirements become 10 -2 foo_-candls
for 1,000 lines, and 3 x 10"6 foot-candle ¢_r 320 lines. Using Figure 3-48,
assuming an f/4 lens and 60% scene reflectivity, it can be determined that 1,000
lines resolution occurs at 1 foot-candle on the scene and 320 lines resolution

," occurs at 3 x 10-4 foot-canflle. This latter illumination corresponds to that ob-
( tained on the Earth under conditions between clear starlight and quarter Moon.

These values are for highlight illumination, so that details within the s_ene at
r- lower light levels will be seen at reduced re_olution, although the tube's dynamic

range decreases with reduced illumination. To achieve optimum psrformance
under h_-ghillumination levels, it is necessary to attenuate the illumination so
that the photocathode level is maintained at 10-2 foot-candle. Table 2-14 shows

/

t
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that 808G foot-candieB would be incident upon the sensor photocathode for a high _
altitude (40,000 it), high reflectivity (0.7) cloud, when the Sun is 9ver the nadir.
The calculations were made using an f/0.5 lens. Assuming that the worst condi-
tions resulted in i0,000 foot-candies with an frO. 5 lens, the photocathode illumina-
tion with an f/4 lens would be approximately 160 foot-candies. The range of light
control required is then 1.6 x 10_:1. This is well within '._e range obtainable with
neutral density filter wheels. (See subsection 3. E. ) For illumination levels below
the control range, the optical system is operating at maximum efficiency, and
tube parameters should be adjusted to accomodate varying illuminations. The
methods of paragraphs 3. E. 6 and 3. E. 7 c_ be used to obtain maximum perform-
ance within the restrictimts of limited light levels.

With the aid of Figure 3-49, it can be determined that a readout
time of 10 seconds requires a transmission rate of 100,000 picture elements per
second. A frame time of 10 seconds is judged to be a good compromise between
transmission rate (and therefore trans,nitter power), circuit complexity, number
of pictures in a sequ_) e, and conservative design with reasonable expansion
capability.

To obtain full Earth disc coverage in one pic_re, a Vidicon
system can be used that is identical to the one described for the minimum capabil-
ity vehicle. Although a longer exposure time can be used (because of 3-axis stabil-
ization instead of spin stabilization), it is difficult to take advantage of this to in-
creRse sensitivity. This is because correct exposure occurs for the picture high-
lights, and for more than 90% of the time some portion of the EaCh disc is In

. sunlight. If the sensitivity were increased to permit observation at full Moon con-
ditions, it could be used for less than 10% of the total observation time. Greater

., utility could be made of this capability if occulting of _he sunlit portic'n of the Earth
_ is used, but it is Republic's opinion that the additional equipment complexity is
i not justified by a corresponding increase in performance.

_ In operation, the wide angle Vidicon camera system will present
a coarse (7 mile), overall view o_ the cloud cover. The high resolution system
gives usable pictures at close to starlight illumination. At least 25 such pictures

,_ can be transmitted in a 30 minute period. Assuming an overlap of 10% in the linear
direction of each picture, h_,ghresolution (1.3 miles at the nadir and at daylight)

_ pictures are obtained for that area of the Earth within its inscribed square. More
i_" overlap would, of course, reduce the area coverage. A fixed program of sequenced

_ pictures can be used with ground override capability through the telemetry link.
This feat_lre is useful when continued observation of a specific area is of interest.

During the 10 second frame time interval, the lenses of both
camera systems are capped. The wielding mirror can be repositioned during
this time. There is adequate time allotted to the light control systems to stabil-
ize and _.husensure 25 optimum pictures _thin a 30 minute interval.

Reference to Figure 3-45 shows that the high resolution lens
system (14 in. focal ieng_h, f/4 lens) will weigh between 5 and 10 lb.
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SECTION 4 - HEAT BUDGET MEASUREMENT

A. GENERAL

To gain knowledge of the heat budget of the Earth measurements are
desired relating the quantity of ener&_ entering and leaving the Earth as viewed

from the SMS.
The quant._ty of energy entering can be precisely determined as a function

of time of day, time of year, position of the Moon, and phase of the Moon. The

quantity of leaving can be measured so a fairly ,_ccurate degree within de-
energy w

t

fined spectral regions. "_

The energy leaves the Earth through two fundamental methods: reflection :'
and emission. The difference betw,_en the energy falling on the Earh5 and that --
lost by reflection, h_ats the various portions of the Earth (land, sea, and clouds).

These portions then reradiate (emit) the ener_7. The energy reradiated by each - : .
._ portion can be trapped by one of the other portions (i. e., land and sea to clouds) ::_

but eventually it will be reradiated (Figt'-e 4-1). -_ . . : :_
I

L
{

r' [
}" STARS I EARTH + ATMOSPHERE

'_'* XXX I
XXX

_ ,_ T '_'215_310°K 4 TO 40 MICRONS

_ C02' H20, O:3

. T7205 TO 300*)

; I \ H,O

4 !/ -
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_e

_'_" T'SOOOOK I ,.,, BODY ARSORPT,O_

I REFLECTION iI

! Figure 4-1. Energy Interchang_ Diagram
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It has been found t_at the major portion of _.nergy lost by reflection occurs
i_ at short wavelengths while the major portion of that lost by emission occurs at
: longer wavelengths. It is desirable to utilize some of the natural atmospheric
: phenomena to separate the two methods of energy loss. In the originai choice

for hhe Nimbus spectrum coverage, five bands we_'e recorded. These bands are
as follows:

(

(1) 6.5 _ 7.0 # (water vapor absorption)

(2) 10 to 11 _ (atmospheric window for Earth radiation)

(3) _ ....,,. o_, to 0. ,,_ # (visible reference and daytime cloud cover)

(4) 7 to 30 # (thermal radiation)

_ (5) O. _ to 4 _ (reflected solar radiation)

The Nimbus resolution element size was 30 miles at the nadir with a t

|

i coverage of approximately 1500 miles across the frame. The i_stm_t_neous

field of view of the scanner was 50 miltiradians with scanrdng in only one direr- [
_ion beir_g required, since the sa_llite's orbit provided the second scan dimen-

- sion.

For the Tiros, in addition to the same tBrpe of five-charmel radiometer u_ed 1)
in the Nimbus, a two-channel wide field radiometer was inco_'porated. This
ra_Aometer ha_ an instantaneous [ield of view of 50 _ and therefore had a ground
resolution of 3?0 miles. The spin of the vehicle provided the means of scan [

: when the tilt of the veL'cle with _'espect to the nadir was considered. The two- 1
chamml radiometer provided data in accordance with Suomi's Exp!orer VII experi-

• ment, wherein the heat balance data obtained was for total radiation and infrared '
: radiation.

B. REQUIEEMENTS

The Earth's h,.a. budget requirements, as defined hy the NASA work state-
ment and subsequent redirection, are to be limited to the measurement of the
quantity of energy lea_qng the Eartl=. To accomplish this objective, the spectral
bandwidth was define,t to e, compass a maximum range of from 0. 2 be 40 microns.

: 2Vae resolution of the heat budget measurements in terms of area coverage and
: tempera_re has been d_fin_d as from 10O _o 300 miles, I°C or bette_ :or a ._igl_

resolution system, and a single data point fall Earth coverage for a minimal
- capability system.

A sensor survey was conducted to provide information on infrared sensing
devices. Since thermal imaging tubes and quantum detectors are limited in the
sp, _,tra' bm_dwidth coverage as defined above, their inclusion as part of the
__rvey is primarily for completeness of possible sensors.

C. SENSOR SURVEY

i. Ger oral

The instrumentation for th_ measurements of the Earth's heat budget
requires the employment of radiation detectors that are sensitive over the spectral

4-2

1964007783-151



4

i i regi°n _xte"l_lding fr°m 0" 2 t_ 40 mtc_°ns" The current stat_ °f t_e a_'t °ffers awide selec_ion of detector types and characteristics, few of which meet this wide
req'tirement. A trade-off in method of measurement (_'herein the spectra1 region

is divided and therefore a detector need only operate over a smaller spectrali increment) greatly, increases the types of detectors which can be used. Not aE
of the apparently suitable detectors are usable for long-term measurements from

I a vehicle in a space environment. Some of the factors which immediately rule
¢ _ out many detectors and relegate others to a state of extreme do'_b_ are respon -_

slvity, time constant, noise level, cperating temperature_ and reliability.

I_ Infrared detectors may be classified into two princ'p_ grouap_ .....
(1) Point detectors, in which the sensitive surface integrates the total in-

cident radiant energy and provides a sing|.e e_ectrical output signali (2) Area detectors, in which the two-dimensional distribution of
radim:t energy inciden_ o., the sensitive surface produces a

_ corresponding variation in a parameter of +.he surface. Informa-
_ tion at every point in the field of view is provided by an appro-

•! priate electrical signal readout.

! _! Point detectors in general require an external method of varying the specific
• _ area under investigation. These mettmds u_ually consist of varying the axial
_ angle of the optical system or shifting the detector over the focal plane. The

materials used as the sensitive surfaces for area detectors are the same types
that are used for point detectors, except that they are deposited over a large
e_tent of surface, or arranged in an extended mosaic of small elements. Th6

I _ most promising approach to area d6tectors is an imaghlg tube, sensitive to_._-:_ infrared radiation. In this type of tube, the sensitive surface is deposited on the
:_ face plate, which is also the infrared window, and is scanned by an electron beam

i[i to provide the electrical signal readout° These "thermal imaging tubes" and
their chara,_teristics ar_ indicated ir_Section 5 of this volume.

From a functional point of view, there are two important classes of infrared

i_o detectors for each of the above groups.

(1) Thermal detectors, in which the energy of the incident photons

i_ is converted to lattice vibration in the sensitive mater_al. This
effect causes a local increase in temperature, producing a

• measurable cha_ge of properties in the material.

! [I (2) Quantum detectors, in which absorption of the impinging photon_, produces a change in state of the electron distribution within
the _ensitive material.

4

! _ The principal advantages of the thermal detectors are their broad range of
•_ spectral response, and their ability to operate at higher temperatures than the
: quantum noise temperature. Quantam detectors, by centrast, have extremely
._ [_ limited spectral operating ranges and, in general, must be cooled m cryogenic

_ temperataras for realization of tL'_.lr optimal detection efficiency_ The principal
_ disadvantage of the thermal _etectors is their inherently slower speed of r6sponse

i' _I'I to radiation signals, as comp _ed with the quantum detectors. Th_ beat therma_
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detectors have response time capabilities only as short as 0.5 to 1.0 milli-
-_ second, where the quantum detectors exhibit performance wi_h time co_.stanLs

aa low as 0.1 miccosec,md. The quantum detectors exhibit _uperior detection
capabilities in the infrared spectr_ region; however, this superior detection
capability only exists over limited wavelengths. The limits of operation of each
quorum de_ctor are dependeht upon the _,mterial from which it is constructed.

2. Thermal Detectors

A thermal detector is one _hlch measures incident radiation _hrough
a change in some physical property caus,'d by an increase in the temperature of
the sensitive material. Therma] detectors have been _'idely used in the fields
of laboratory spectroscopy and radiometry, and a number of different types have
been developed for various applications. The more commonly used detectors
include:

• -i_hermo3ouples

• Thermopiles

• Gotay pneumatic detectors

• Metal bolometers

• Thermistor bolometers

The thermocouple and tbermopiie indicate the presence of radiant
power by generation of a _,oltage at the junction of two dissimilar metals. The
thermopile consists of a series arrangement of a number of _ermocouples
resulting in a greater detection sensitivity, but longer response time.

The Golay pneumatic detecter c:nploys, as its sensing element, a
volun]e of xenon gas ,vhich expands when heate._ b:" cadi ation iucid_mt on an
absorbing film. The increased gas pressure causes flexure of a small membrane
on which is evaporated an antimony mirror. The resulting optical deflection
produces modulation of a light beam, wldch is soreed by a photocell and converted

_. ix) an electrical output signal.
!

Both the metal bolome_er and the thermistor bolometer respond to
, incident radiation by a change in their e_ec_r_-cal resistance. By placing the
: bolometer in a balanced bridge L:irct_it and _p.fl_'ing a suitable DC bias voltage,

the resistance change is converted to an electrical output signal which may be
_ used to indicate the intensity of the incident radiant power. Meta_ belometer_

are commonlyfabrica_d of platinum, gold, and nickel in the form of thin films
• or wires. Higher _sponse units have been developed by var;o_s sophisticated

techniques such a_ electroplating, vac. lain deposition, and sputterh_g of thin
films. Thermistor bolometers are composed of sintered oxides of manganese,
cobalt, and nickel formed into flakes about 10 microns thick, these flakes are
mounted _n substrates of glass, quartz, or other suitable heat sinks to obtahl
fast response. Thermistor bolometer._, are read'ly available ,in either of two
material formulations known _s Type 1 and Type 2, the principal _..fference being
the range of electrical resistance. Altho,_gh _he :dtimate limit of detection of
',he thermistor and metal bolometers is idep.tical, the thermistor has wider
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application because of its fa_ter response and its superior responsivity (due tohigher temperature coefficient of resistance), which may be as much as 1000
times _-eater than for a meta? bol_m_ter.

A s_ecial of met_ bolometer is based on _he phenomenon of
type

superconductivity. Certain materials such as lead, tin, tantalum, niobium
nitride, and niobium stannide exhibit a sharp change in resistivity at temperatures

near absolute zero. Each of these materials has a critical temperature belowwhich its electrical resis_2.nce falls to essentially zero, and the mater_a! is said
tobe su_._ercond.toting,By maintainingthematerialatthecriticaltemperature,
an extremelysensitiveresponsetoincidentradiantpo_er can be obtainedas the

heating effect causes variation of resistance m the transition region. Unfortunately,
the transition takes place within only a few tenths or hundredths of a degree,
posing the difficu_lt problem of extremely precise control of the temp3ra_,ure.

Although the superconducting b_tometer is superior in performance to the metaland thermistor bolometers (because of reduced thermal noise and heat capacity
due to the low temperature) the problems of low temperatur operation and

precise control prevent its being a practical device at the present time.
Of the thermal detectors described, all but the thermistor bolometer

._-__ must be elimina_d as nraetical devices for the SMS mission after consideration
_ of significant performance characteristics such as response time, respons'vity,

and structural reliability. Th_ thermistor has consistently been selected as the
most efficient thermal detector for airborne and spaceborne infrared detection

devices: par_iclflarly in systems requiring moderately fast data gatheringcapability.

The considerations theft define the specific performance requirementsand selection of a suitable thermistor bolometer detector are discussed elsewhere
i.u this section.

_ 3. _u antum Detectors

! This cla_s of detectors encompasses a number of different materials
i Which exhibit changes in their electron distribution m response to incident photons,

or quanta. Ideally, quantum detectors measure the rate at which quanta are
absorbed; their response at any wavelength being proportional to the rate at which

i _} the incident photons arrive at the surface. Because the number of photons per
' _ second per unit of radiant power is proportional _o wavelength, the response of a

i quantum detector should increase with wavelength. However, _various factors
_ such as spectral dependence of absorptivity and quantum efficiency contribute to

t! limit the effective ,_tilization of energy to relatively narrow :egions
of the infrared

i spectrum.
_] The following four different types of quantum responses are currently
_ recognized in photon detector materia} s.

_ a. Photoemissive Effect

The effect is produced by the emission of free
photoemissive

electrons from the _,_rface of the material in respons_ to incident photons. This

f[I phenomenon is well known, and detectors of this type have been ku comman use
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for many year_'. For the _¢IS hea'. budget measurements, photoemissive detectors
have virtually no application because their response is limited to an extremely
narrow region of the infra_'ed spectrtm_.

b. Photoconductive Effect.

The photoconductive effect comes about through the production
of added carriers by the incid,mt photons. The energy levels are not sufficient
to free electrons from the surface of the material, but they become available
for additional conduction within the material. The result is an effective decrease

in electrical conductivity during e.vposure to incident photons. MateriMs e_,ibit-
in_ this effect compose the grea_ majocity of infrared quantum detectors.

c. Photovoltaic Effect

=_e photovoltaic effect is produced by the generation of free
electron-hole pairs in the detector material at a point wher_ a p,_ntial barrier
exists. The diffusion of the free carriers is influenced by the electr!c field,
resulting in the production of o_ output voltage. Materials demonstrating this
effect have been investigated, but few have shown applicability to infrared detec-
tion. The only materials o_ this type in wide current use are indium antimonide
(Inb_b), indium arsenlde (InAs), and gallium arsenide (GaAs).

d. Photoelectromagnetic Effect

The photoelectrorr, agaetic eifect depends on the production of
free charges in the presence of a magnetic field. The diffusion of these carriers
is influenced by the magnetic field, and au output voltage .,s generated which is
Lndicative of the incident photon rate. The only use_l infrared detecting materials
of this t_ype are indium antimonide (InSb) and indium arsenide (InAs).

A considerable amount of devetopmen_ of photoconductive detectors has been
accomplished and is still in progress. Continued efforts are being made to
improve the sensitivity and extend the spectral response of these detectors. At

_' present, due to their restricted spect_-al response characteristics, most of the
_. photoconductors find their widest application in the inter,ned:ate infrared region

to appro>dmateiy 9 or 10 microns. A few detectors have shown capabilities at
wavelengths up to 20 microns, and work is currently being pertbrmed on materials
whmh extend as hitch as 40 microns. A tabulafion of the more sig_ificant quantum
detectors and their characteristics, some of which have security classification,
is presented in Volume 7 of this report, which is classified.

The utility o[ quantum detectors is affected not only by their spectral
response; characteristics, but alsa by the requirement that many must be operated
at cryogenic temperatures, particularly those that exhibit good sensitivity at the
longer wavelengths. The earlier ph_tocon_ucters, such as lead sulphide (PbS}
m_a lead selenide (_'bSe) can be op3rated at roor_ ambient temperature, b_t their
spectral capabilities are limited to 2.5 microns and 4.2 microns, _.espectively.
Indium antlmonide can also be operated at room temperature up to 7 microns, but
its sensitivity is inferior to _he others by almost two orders of magnlitude, The
spectral cutoffs .>f PbS xnd Pb&_ can be extended to 3.0 microns and 5.4 microns,
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-] respeeUvely, wish mnorder of magnitude increase in _ensl_ivity, by cooling themto an operating temperature of 195°K. This is within the capability of available
thermoelectric cooling deviceg, aud the resulting sensik2vitlcs compare favorably
with those of the more exotic detectors. The difficulty, of course, is that the

I] spectral coverage is still inadequate for long wavelength heat budget measure-
ments. Under the same temperature condition, InSb response is reduced to 6
microns, and even with the accompanying sensitivlty increase it is still an order

Il of magni_ade below the lead salts.

By cooling to 77_K, further significant improvement in se_nsitivity is obtained
_- for PbS_ Pb_e, and InSo, but the gains in spectral bandwidth are modest. At
: this point, the impurity type photoconductors become iraportanL For example,

77_K, gold-doped germardum (Ge:Au) will provide good sensitivity up to 7.1
, - microns.

• To extend the spectTal bandwidth beyond 7 _rdcrons, detector materials
must be cooled below 77_K b? using gaseous or liquid helium cryogenerators.
At 50°K, cAn.c-antimony-doped germanium (Ge:Zn, go) performs up to 15 microns;
zinc-antimony-doped germanium-silicon alloy (Ge-Sh Zn, Sb) performs up to 13
microns, and gold-doped germanium-sill.con alloy (Ge-Si:Au) performs up to 10
microns. Below 25¢K, cadmium-doped germanium (Ge._Cd) is useful to 21 microns;
and below20°K,copper-doped germanium (Ge:Cu) performs to 27 microns. The
material yielding the best far-infrared response is zinc-doped germanium (Ge:Zn)
which extends to 39 microns, but requires an operating temperature of 4. 2_K.

- Although some of the more recent quantum detector developments appear to
be approaching the performance that is required for long wavelength heat budget
measurements, there are fundamental considerations that make _eir application
to the SMS vehicle problematical at the present t_me. Two of the most outstanding
of these problems follow:

(1) A practical cryogenic cooling system to op_ra*_e Jn a space
environment fol extended periods of time has not yet been

I developed.
t : (2) Long wavelength quantum detee:'ors are still being nlvestigamd

and are not readily available as practical, reliable components.

Although these considerations appear _2 present formidable obsta.cles to the
immediate use of quantum detectors, there is a considerable level of effort being
expended towards further development and improvement of detectors and coolers.
It is not unrealistic to anticipate that practical operational .components might be
available for use in the near fimlre.

{ D. SYSTEM CONSIDERATIONS
I

1. Optical

_va obtain data for any heat budget measurement, it is desirable to
i'i include "all _ 'elengths from 0.2 to 40 microns. If refra.ctive optics are used for

optical gai_, only several materials can be used for the optics. The materials
whlch can be used include cesium bromide, cesium iodide, and diamond. The

il
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refractive index of _ese materials is also essenti_ly constant over the desired _
spectral range. Unfortunately, the cesium compounds are extremely soluble in
water and are hygroscopic. Diamond has yet to be mamtfaclxlred in the size
required for lenses. Anoiimr possibility fo_ refractive optics is to divide up the _i
spectrum into the two regions (0.2 to 4 and 4 to 40 microns) and use separate 6-
optimum refractive optics for each region. Implementation of data calibration
becomes difficult, and should a scanning system be employed, the data correla- _"
tion problem is made even more difficult.

A second method of obtai_Ang optical gain is tc use reflective optics. If
frvnt surface reflection is used, all wavelengths are reflected in the same manner _.:
and the system is essentially independent of wavelength of the impinging radiation.
In this instance, olfly one optical system is required for scanning or nonscmming

systems. Some form of spectral di_sion and filtering will be required to separate i:"
the desired information into spectral regions due to the detector limitations indi- _.
cated in subsection C, A pure polished germanium flat located 45 ° to the focal
a_is could readily perform this fuuction_ Its reflection characteristics would
cause all wavelengths less than 4 microns to be totally reflected. Wavelengths
longer than 4 microns will be transmitted 50% or more, depending un the
characteristics of the anti-reflection coating used. Additior xl filters of different
materia: _ can be employed to further def. ae the spectral irradiance impinging _'
on the detector. The weight of optics used to obtain heat budget data would be
comparable to that described for a cloud cover sensor which utilizes reflective

optics, wherein the diameter of the optics is the weight determining factor. A _"
weight saving can be realized by uJlizing an "egg-crxte" or "honeycomb" _-
structure for supporting the mirror surface, and by employing ]ightweight
structural members. ,,.

2. Temperature i_

When deLectors require cooling to temperatures below amuient, a I_'
means of removing heat from the detectors must be incorporated in the system. _..
Se',eral methods can accomplish this to varyfl_g degrees. Among _e methods

which are applicable to a vehicle in space are: ]-
|

• _._blLmation cooling systems

• Space heat-sink cooling sys_ms ._
l• Open cycle mTogenie systems

• Closed .wcte cryogenic systems

" Thermoelectric cooling systems _'-_

• Joule-Thompson effect

The last four of the aL ",e methods are considered standard methods
for infrared systems and further explanation of the techniques involved can be
found in Volume 5, Section 4 on infrared cooling. The first two methods are f
described here: I

li

4-8

1964007783-157



fl

i a. Sublimation C,_oling

Sublimation cooling systems use the vacuum property of the
spazc in which the vehicle is expected to operate. As defined by the following

I_ equation:

_ (-i00) (_/-_- ) sec cm2G = 5.__ M" gram

where G = rate of vaporization per unit surface area

_ p = vapor pressure at temperature T in Torr (mm cf O g)

T = temperature in de__'ees Kelvin_p

I it M = molecular weight of the material

The amount of beat removed from the bulk material is equal
_} to the sum of the heat of fusion and the heat of vaporization (solid to liquid+
tx liquid to gas). A typical example using hydrogen (13 calories per gram and 105

calories per gram heat of fusion and vaporization) indicates a system weight of

E approximately 65 lb for a cooling system operating at 13 ° Kelvin for one yearwhen the heat load is in the order of 100 mflliwatts.

b. Radiative Cooling
Space can be used for a heat sink. Unfortunately the cryogenic

_emperatures which must be obtained indicate that a large radiator must be used.

The area of the radiator c_ be determined from the equation

]. 92 x 103W

Ii A = _T4

, _here A = the area in square feet

_ W = the heat load in watts

= the emissivity of the radiator surface

[i T = the temperature of the radiator in degrees Kelvin

when it is assumed that no heat is i,_;_pinging on the radiator (radiator is not
_ pointing toward the Sun).

In actuality, the radiator heat sink (space) is not absolute zero

'i" : but some small temperature above, due to all contributing sources. If it is• assumed that this temperature is 4°K,then for all absolute radiator temperatures
above 12.6_K the radiator area will be affected less than 1%. For a 1 watt heat

_, load at a temperature of 30°K, the area required would be 265 _-l. ft when the
_ emissivity of the radiator is 0.9_.

tj
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3. Sensor Protection

When thermally sensitive de¢iees are used to determine temperature,
they are restricted in their regions of normal operation. A sensor which uses
the Sun as its sig_ml source will not be able to "see" *.he Earth, and inversely, a
sensor which used the Earth as its signal source should not be permitted to look
at the Su_.

Sensor protection from direct Nm ¢r specularly reflected sunlight
from cirrus clouds will be required. It is suggested t.hat a solenoid operated
shutter be inserted in the light path to prevent all radiation from falling on the
detector when the energy in a defined field of view exceeds a specified value.
Two items which should independently cause the shutter to operate to the close
position are the sensor being off, and an excessive signal.

The _an can impinge 100,000 times the normal expected energy on
the detector. Considering the maximum orientation rate of ch,_nge of the vehicle,
the shutter must operate within I millisecond when the instantaneous field of
view is 4.5 milliradians (100 mile resolution element). With an assumed Sun
temperature of 6000 ° K, the maximum shutter time can be calculated from the
formula

t = 1.17 x 10-14ot[(] + k) T]4fl '

where t :: the shutter operation time in seconds

T = the detected temperature at which a shutter operation signal
is initiated

k : the maximum allowable normalized increase over T

c" = the instanteous field of view in milliradians for a square
detector

fl' -- the transmission lactor for the Sun path

(l+k)T = the maximum temperature that the detector can view without
being damaged

For larger fields of view (above 5 milliradian'_) the limited angular
coverage from the Sun (round Sun effect) tends to increase the actual value of
t. For a round detector, t will also tend to increase.

E. SYSTEM ANALYSIS

For the SMS, the radiometer can assume several configurations.

The first configuration to be considered would be a nonseanning radiometer
looking at the entire Earth. The basic philosophy of the sensor woutd be in
accordance with Suomi's experiment, wherein the radiation is impinged on
separate black and white painted thermistors each located at the apex of a cone.
As in Suomi's experiment, the black painted thermistor is sensitive to all radiation
wavelengths and the white only to _he infrared. To maximize the differential

4-10

1964007783-159



U response, the conical angle subtended by the detector's field of view should be_A

_ equal to or less than the conical angle subtended by the Earth as viewed from
the satellite. Since this angle is approximately 17.2 ° (0.3 radians), the total

T_ capture angle is 3. 0715 steradians. The gain introduced by a cone is now,

1 i function of the detector area and the areas of both ends of the cone, provided that
"" the ends of the cone are greatly different in area. The temperature of the walls

of the cone influences the data and therefore must be taken into account. A

_ simple chopping whe_:l in front of the large end of the cone causes the cone to
•_ become a black body chamber when the end is closed by the chopper. If the

temperatures of the chopper and cone walls arc k_lo_n, the signal can be cali-
_: brated. If spectral filtering is desired, the signal should be chopped prior to
il and after filtering (at different rams) to provide accuracy of measurement. A_2

temperature sensitivity of better than 0.02 ° can be obtained with a system of
.., this type.

A second configalration utilizing the same basic philosophy as the first could
be considered for a high resolution Earth scanning system. The scanning mirrors

T _

] i would be extecnal to the detection system. Constant diameter tubes could be used
'_ instead of cones_ to restrict the field of view of the Llack and white thermistors.

The length of a turbo would determine the instantaneous field of view for any finite
*- diameter tube. With a thermistor detector of approximately 1/2 in. diameter at

_ the window surface, the length of the tubes becomes fairly large for any reason--
_ able ground resolution (i. e., approximately 37 inches for a ground resolution of

._ 300 miles). The emissivity and temperature gradient along the tube will have an
i effect, causing a reduction in sensitivity. It is therefore co'nsi _ered impractical
_- to use the Suomi philosophy for a high resolution system (high resolution is

defined for this case as any instantaneous field of view below 2°).

_. A third configuration utilizes reflective type collection optics ibr gain. In
a nonscanLing system for the whole Earth heat budget, the diameter and focal

.. length of these optics are extremely short. The short optics produce problems
h, physical implementation of the theoretical parameters. As such,it is felt that

"_ the Suomi type system yields more practical performance values.

?-

i: A fourth configuration would also utilize optics for gain. These optics would
". have a scanning capability. The instantaneous field of view would be restricted

to a small portion of the total field of view. The opticM system would be all-
:- reflective so that all wavelengths could be received. The total energ_ content
'__ from the instantaneous area received by the optics would be divided by a pure

polished germanium flat (beam splitter). The reflected beam from me flat
.. contains the majority of the reflected solar data which is impinged on one detec-
_ tor, while the transmitted beam through the fiat (which contains th_ infrared
_" emitted data) is impinged on a second detector.

1 Choppers (reticles) permit the use of high gain AC amplifiers. When known., references are used to establish the gain of the amplifier, absolute temperature
can be determined very accurately.

Based on the present requirer_ent for heat budget measurement, it is felt
that only the fourth type of configu: ;tion, _',hich utilizes a scanning optical system,
has the required capability. This L:ype of c, nflguraticn also has the greatest

I _ potenti_d in terms of resolution (spati&[) improvement.

[i
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: The optical scanning heat budget systemwa_ further analyzed. The signal
output from the system is in analog form and is related to the absolute ten per-
ature of the average target in the field of view. The signal is converted to digital
form prior to transmission.

For the analyzed system, it was found desirable to ,,oversran" the the
Earth so that the uncertainty in the local vertical would not cause any loss of dsta.
A total scan angle of 20 ° was therefore assumed.

For this conftga_ation, it is assumed that a thermistor bolometer is used
to detect the infrared Jnergy passing through the germanium fiat, and a photo-
multiplier or second thermistor detector is used to detect the energy reflected
from the germanium flat.

The equation whic' affects the se]ection of infrared eqt'ipment parameters
follows

49.3_/Atot hCJff _2f£
NET =

T 3 ¢fiA D 2 _/t-

for an equipment in a synchronous orbit which must view the full Earth the
_]-A_toth can be assumed to be 175 x 106 then

8.63 x 109 Cv/f- £ 2 f£NET =
T 3 _-_AD2 jt

where NET = noise equivalent temperature in 2egrees C

f_ = focal length

= optical efficiency

f = am, lifter bandpass in CPS

: C = reticle chopping factor

¢ = emissivity c_ target

fl = atmospheric transmission over the spectral region

T = target _cmperature in degrees K

A = target area in square miles

D = diameter of optic3 in inches

t = total time to semi the full raster

The above equation has been set up in the nomograph in Figure 4-2, A typ'cal
system can be selected parametrically" as follows:

4-?.2
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,! (1) Select the lowest expected target temperature (T) and the lowest i
expected emissivity of the target (_) and draw line 1: !

! for T = 200_K and _=0.5, AW = 8.5 x 10-5.

(2) Determine the approximate percentage of atmospheric _rans-
_ mission (fl)for the selected target temperature from Figure :
_ 2-17, Section 2, and draw llne 2; AW = 8.5 x.10 -5

and _= 25% {from Equation 2-_7), _H)= 10 . ,

i (3) Select the instantaneous resolution area (A) to be scanned and

_ draw l:ne 3; fo_ AN). = i0 -4 and A = 200 x 200 miles,

i _I A = 8 x I0-_.
, (4) Using the same area (_) selected _n s_ep (3), draw Hne 4 to

obtain the number of these elements in a square ra_er:

_ for A = 2{)0 x 200 number of elements --, 1600.

(5) A typical thermistor detector such as the Servotherm (Servo
Corp. ) Model No. S133140D has a data sheet which indicates

-,_ an NEP of 3 x 10 -9 watts and a time constant of 4 milliseconds
:I when the size of the detector flake is I nun x 1 mm. A silver

chloride window is used on this detector. The NEP, _, and
d are entered on the nombgraph.

_ (6) Since a fiat window is used on this detector, the net refractive

index is 1 and line 5 be drawn determine the effectiveCan to

area of the de_etor: for d = i mm and fiat window, a = 1 mm 2.

(7) Using the same ground area (A) selected in step (3) and the
_:_ effective area (a) from step (6), draw line 6 to determine the

system focal length: for A = 2 x 104 miles 2 and a = 1 mm 2
f_ -_4 inches.

(8) By assuming an F number for the optical system, a true optical• diameter (d) can be determined by drawing line 7 from the focal
length determined in step (7): for f_ = 4.0 in. and F = 2.0,
D= 2.0 in.

(9) An effective optical diameter (D1) _s obtain, " by assuming an
optical efficiency (£) and drawing line 8 from the true diameter
obtained in step (8): for D = 2.0 in. and £=0.75, D 1 = 1.6

(10) The NEPD' of a bridge system (system capable of DC amplifica-
tion) can be determined by drawing line 9 from the NEP entered

in step (5) through hhe effective optical diameter (D1) determined
in step (9): for NEP of 3 x 10 -_ with D 1 = 1.6 in., NEPD '=
4 x 10-I0 watts/cm z.

(11) Using the time constant _" entered in step (5) and the area of
Step (3), the total transmission time for full Earth coverage
with an unchopped system can be found by drawing line 10:
for v = 4 milliseconds and A = 4 x 104 miles 2, t = 20 seconds.

(12) The required amplifier bandwidth can be obtained from the
detector time constant entered in step (5) by drawing line 11:

• $114 .for T = 4 T,uJ_,°_conds, amplifier bandwidth = 40 CPS.

_i 4-14
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) (13) The amplifier bandwidth determined in step (12) is also _e_ chopping frequency when a reticle is used. An information
reference bandwidth (61) can be ob_.ined by drawing line 12 from
the amplifier bandwidtil (chopping frequency): for chopping
frequent T 40 CPS, Af = 65 CPS.

(I4) When a ret_ele and chopping frequency, are system parameters,

f_ a bandpass (f) has to be assumed for the amplifier. By drawing
[ ! line 13 from the Af obtained in step (13) to this assumed band-

pass, a bandwidth ratio can be obtained: for Af = 65 and f = 2,

__ Af/f = 32. The transmission time t is now 1600/2f = 400 seconds.

i _ (15) A reticle also tends to reduce the average amount of energy
available to the detector. If the reticle has the 50% average

r_ transmission factor (energy totally obscured 50% of the t._me)

H a chopping factor (C) of 2 is said to exist. From the NEPD
from step (I0), draw line 14 to the assumed chopping factor.

_1 (16) The system NEPD is determined by the crossed intersection.. of lflm 14 and the reference line by drawing line 15 through
: the same point from the bandwidth ra_io found In step (14):

for C= £, NEPD'=4xI0 -10and _f/f---32, NEPD= 1.6x10-10o

[_ (17) ,-"he system NET is deSerramed by the ratio of the NEPD found
in step (16) and the A H A _btained from step (3). This ratio
is determined when line 1,; is constructed: for AH_ = 8 x 10-9(:

[I. andNEPD -- !.6x16 -]0, NET = 0.2°C.

In the example shown inthe nomograph, the followingitems were assumed:

T=2o0o
=0.5

F= 2

k }
C= 2

() f = 2 CPS

%_

The _ of 25_ was obta_iedfrom Figure 2-17 based on _:heT of 200_K. Detector

{ i parameters were considered fixed at NEP = 3 x 10 -9 watts; d x d = 1 I_,m2;
[ _ T = 4 milliseconds; and a fiat window.

Design parameters obtained were f_ = 4in.; D = 2in.;and t = 400

I, seconds.
.J

Amplifier bandwidth center established at 40 CPS and NET = 0.02°C.

When hhe same types of detector restrictions are used for the second
i configuration as were utilized in Suomi's experiment (detector size _electable

' [ and not mounted tu a standard shell) it is feasible to obtain data with a limited
[
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,%ugular resolution and usable NET. The nomograph of Figure 4-2 can still be ;
used Ln the same manner as before except that the focal length obtained is half
the length of a constant diameter tube whose true aperture is equal to the detector

! area. At tube le_gths greater than four times the detector diameter, a conical [
configuration can be used with the included angle equal to the instantaneous field

of view. The true aperture is degraded to an effective aperture by including the
,.,/ losses due to the cone walls and usable area of the detector in relation to the
:: area of base of the con_, and other heat losses.

' The order of magu_itude of a system can be estimated from the nomographs
_ (assuming a 50% reduction from the true aperture). Assuming a detector flake

of 1 mm 2 effective area, the optical diameter for a cone whose approximate

; length is 17-1/2 in. is found to be 0.156 in. plus 1 mm or 0.16 in. total. The t
effective _.ameter is therefore 0.08 in. From the nomograph, a NET of better

._ than 10 ° C can _e obtained for this system. I

A medium resolution (angular) Suomi type sensor can be postulated. This
sensor would require scamping optics. For a NET of 0.2°C, the angular field _
of view (using the nomograph) would be of the order of 43 milliradians, or a
ground coverage diameter of 950 miles (assuming no system losses). When
system losses are included, the coverage must be increased to compensate for

_- the losses. The system can be assumed to be of the form _2 x NET = k, where
¢ c_ is the instantaneous field of view in millira t_ans, NET is noise equivalent
_' temperature in degrees centigrade, and k is aconstant. A NET of 2 ° is obtainable
: in the lossless system when the ground resolution is 300 miles in diameter. This

type of performance trade-off iJ indicated in Figure 4-3.

/ For purposes of this report, three different vehicles are being considered.
,.: In order of size they are 100 Ib, 500 lb, and 1000 lb. The 100 Ib vehicle would }
"_ be spin-stabilized, while the 500 and 1000 lb vehicles would be stabilized in _uch

i_ a fashion that theYresolutionWOuldconstantly faCehavethereasonableEar_A. !_
. The high system, to a temperature sensitivity,
• must use an optical system for gain. A typical system of this type is indicated

i[!! in the homograph in Figure 4-2. The previously described c 2 x NET = k

relationship is still applicable, excep_ hhat the constant is dependent upon the !

size of the optical system. The constant is sr_aller for this type of system asindicated in Figure 4-3. Some losses must s_ili be included (i. e., germanium
°,_ flat, e_c.}. The weight, power, and volume requiremen' _ of this type of system i

are the maximum of the three usable ty_es described in subsection E. The reli-

ability is the lowe_t. :_

A whole earth Suomi type sensor is reliable, consumes very little power,
and does not cos_ mtmh in weight :and vehicle space. It is felt that this experiment
can be carried on all vehicles.

A medium angular resolut_mn Suomi type system has some advantages (i. e.,
very little power i8 required for the sensor). The majorttyof the power will be
required for the scannl_g mirror. The reliabCity of the system is degraded due
to the incorporation of _his mirror and its driving mechanism.
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Fi_.ure 4-3, Spatial Resolutior_ Versus Temperature Resolution Trade-Off

'COhena chopl_,r is used, the NET would improve by some factor dependent
, r-_ upon the chop factor, detector _ime constant, and amplifier bandpass. The

' reliability would tend to decrease, while the weight, p_ver, and volume of such
a sys_,m would lncre,ase.

£!on_ efficif_ncy at the large and small ends, thermistor mounting tolerance,
wall absorp_iGr_and conduction: detector emissivity, lead conduction, and

c several other factors all contribute _o losses which exist in the system. An
I approximation of the effect of these factors is indicated in Figure 4-3. The

normal method of com_t_mtion of this devi(_e would be to include some roug_dy
calcu_ah_d gross safe_y factor and then _o calibrate the lns_mment upon comple-
tion of o,_nstructiom '.t_aese medium resolution systeras could find use in all

., _hree veidcle configurations.
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temperature resolution, weight, power, "volume, reliability a_d any other function
deemed relevant, then the optimum type of system for any vehicle can be deter-

'_ mined. The weight to be given to each factor must be determined by the user in i
_: accordance with the end result desired for a particular application.
/

}
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'I SECTION 5 - INFRARED SYSTEMS FOR CLOUD COVER IMAG.ING

t

.... A. GENERAL

_J The requirements for obtaining low and high resolution pictures of the
Earth's cloud cover are outiined in subsection 3. B. The cloud imaging sys-

I! terns described therein use sensors that are sensitive to radiation only in the
, _ vls_blc region of +.heelectromagnetic _pectrum. The requirement for cloud

cover pictures during night conditions, with the attendant low level of reflected
F] visible illumination, suggests the po_,sibility of exploiting the longer wavelength

infrared radiative characteristics of clouds as an energy source for the imag-
ing of night cloud cover. The principal advantage in using the infrared spectrum"
is that the cloud masses, which behave characteristically almost as black body

i_ therraal radiators, provide a higher level of self-radiant over this much
power

broader spectral region than is available in reflected visible light originating
from night illumination sources.

_! B. INFRARED TRANSMISSION

_- The capability of an infrared device to provide a usable image of clouds
,_ __ against Earth background depends almost entirely on detecting differences in
• radiant power between the clouds and the Earth background, that is, temperature

contrast. If the clouds and background were the only face,ors to be considered,r_

[] then the problem of desig-aing au infrared device would be fairly conventional be-cause the contrast under those conditions is a fairly well understood function of
temperatures and emissivities. However, aualysis of the case in which the in-

! frared device is to be at a remote location in space is considerably more com-plex, because the radiations must pass through the Earth's atmosphere where
deterioration of contrast takes place as a result of m _lecular absorp_en, parti-

_ culate scattering, temperature inversion, and other ;_,ocesses. Although the

l mechanics and qualitative effects of these various phenomena are reasonably
well understood, there does not yet exist a means for quantitative expression of
results to be expected under these conditions. Analysis of infrared data from

. i Tiros and other satellites might improve this situation.

The transmission of infrared radiation through theatmosphere is subject

If to selective attenuation as a result of absorption by molecules present in theEarth's atmosphere. Figure 5-1 indicates the absorption spectra of molecules
present, in the atmosphere, with the composite atmospheric absorption character-
istic shown at the bottom of the figure. Observation of the composite solar-
absorption spectrum shows that there are two principal spectral regions (atmo-
spheric "windows") that are transparent with respect to infrared energy. The
first transparen_ region, which _s from 1 micron to 5 microns,will transmit

(I roughly 50% of the radiant energy there. There is an opaque re,on from 5
(J microns to 8 microns. A second window, from 8 microns to 14 microns, will

pass about 80% of the r,_diant energy there. Other windows exist in the longer
(1 wavelength regions of the spectrum, but effective use can not be made of them
!!t _ in space applications of infrared devices, because infrared detector technology

is not sufficiently advanced.
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Figure 5-1. Near Infrared Solar Radiation and the _
Absorptivity of Various Compounds in _-.
the Atmosphere

The infrared windows ar_ shown in relation to the Earth's radiant _i
energy d_.stribution in Figttre 5-2. The total radiant energy present in the
windows is represented by the shaded areas under the curve. The 8 to 14
micron region contains approximately 32% of the total radiant energy, and the _
1 to 5 micron region contains oclv 0.33%. In designing an infrared device, _t
would be extremely desirable to use the 8 to 14 micron region, because the
available energy is vastly greater than in the 1 to 5 micron window. At the
present time, long wavelength infrared detectors of quant-_ types are not |_.
adequate for sustained use tn a space environment. The appiJcatlon of thermal
detectors, which have the required long wacelengih capability, is se'.'erely

liJnited by virtue of the other performance factors discussed in Section 4. U

i. Im___ngS_stems

The two basic types of infrared systems that might be used for
cloud cover imaging are the object plane scanner, and the image plane scanner.

5-_.
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t' f " Figure 5-2. Earth Radiation and Atmospheric Wi,,dows

In the object plan_ scanner, the det¢ _tor, which is located at the

If focus of the op{ical system, receives energy from a small element of the total• field of view. The optical system is moved so that it will cause the detector
to look sequentially at contiguous elements of the field until the entire area is

I covered. In the simplest case of a spinning satellite, the scanning motion ofthe optics is imparted by the spinning and orbital velocities of the vehicle.
The ins_ntaneous field of view of the sys_m is adjusted so that each rotation

f of the vehicle sweeps out a transverse strip equal in width to the orbital dlotance
traversed during that time, which results in a cont!L.,ous map of contigaously
scanned strips. When the satellite is vertically __tobilized, without spin, the
transverse scan must be provided by the imaging system, in which case a de-

!i flecting element, such as a mirror or a prism interposed in the incident energy
i } path, is rotated at a rate commensurate v_ith the orbital rate and the system re-

solution to provide contiguous scan lines. In the most advanced situation, where
F-_ the satellite is vertically stabilized and in synchronous orbit (no motion relative

to the surface of the Earth), scanning in both dimensions must be provided by
the imaging system. When object plane scanning is used, the two dimensional

I scan must be achieved by a mechanical method. Of the many methods available
for instrumenting the required type of scan, most can be ellminau_d on the
bases of:

" 8-3
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i
! (1) Mechauical complexity

I (2) Excessive mass of moving _omponents

! (3) Excessive changes in momei_tum

: (4) Structural problems arising from high translational and
¢

i rotational velocities.
i,

For satellite appllcation, the most desirable type of system is one
_: in which mechanical motion occurs at a constant, moderate speed and involves

• _ low mass elements in a simple mechanical configuration. One device that ful-
fills these requirements is a diasporameter scan system, in which two optical

• _ wedges are rotated relative to one another to cause the axis of an otherwise
•._ fixed optical system to be deflected in predictable fashion. A system of this

type is analyzed later in this section.

_. In the image plane scanner, ihe entire area of interest is imaged on
! an extended detecting surface. The distribution of thermal energy !_ the viewed
i scene is reproduced on the sensitive surface at the image plane, which produce_
_ corresponding variations i_na parameter of the sensitive surface. The informa-

tion obtained by this imaging _rocess is removed and converted to electrical sig-
nals by scanning the surface with an electro_ beam. The image plane scaa_r

,_! has the desirable characteristic of requiring no moving parts (the scanning pro-
_" cess being accomplished entirely by electronic techniques). The difficulties in
_ implementing this type of system so that it can opera_ in the infrared spectral
_" region arise from problems of manufacturing detector surfaces having the re-
_i quisite sensitivity, uniformity, and resolution.

_; 2. Detectors

•_ The object plane scmmer makes use of a detector which fills the in-
_ stantaneous field of view of the sca_mer. Since the instantaneous field estab-
_ lishes the finest angular resolution capability of the system, the detector sur-
_ face is usually quite small in systems with optics of practical size. The class
_ of infraied detectors known as "point detectors" would be employed for this
_: type of imaging system. A detailed description of thermal and qusntum point
_" detectors is given in Section 4, and "v'olume 7, Table 7 -2 and Figure 7-1. While

l_ of the available _rared detectors have excellent sensitivity, there are
many
basic obstacles to their extended use in a space vehicle.

In the case of quantum detectors, the major problem is that of_ maintaining the required operating temperatures of 77°K or lower. Cooling
_ systems k_ving this cap:_bility have not yet been developed for extended opera-

tion in space. Even if present developmental systems could be made usable,
there is serious doubt whether the large electrical power and volume require-
ments could be readily supplied in a space vehicle, particularly if reliability con-
siderations dictated a need for redundancy.

Perhaps the most important problem in using thermal point detectors
(thermistor bolometers) is that the response time (time constant) of a bolometer
is very long compared with quantum detectors. The better bolometers have
time constants no shorter than 1 millisecond, which restricts the information-

, acquisition rate to 500 CPS. In systems where higher data rates are required,
bolometers can be arranged in arrays with a separate elects-ohio channel
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[ } required for each array element. The separate channels must eventually be
,_ t.] reduced to a single information channel; therefore, electronic commutators

with very stable DC characteristics and extremely low swi_;hind-no_o_ levels

are required. The information rate re( aired for application in a synchronousi satellite, under near optimum conditions, is a minimum 5000 CP8 and pro-
bably will be higher (a_ least 10,000 CPS). If bolometers were to b_ used, 10

._ to 20 channels would be required, resulting in complexity and unreliability
, considered excessive for long term satellite use. Furthermore a

7, z._ large DC bias voltage (several hundred voits) of extremely low noise l_vel is

ill required for bolometer operation. Attempts to provide electronic supplio.s for

this purpose have been unsuccessful; the only alternative is the use of high
• voltage batteries. Because rechargeable, high volta_,_ storage batteries are

not readily available, dry cells or mercury batteries muut be used.

i_ The image plane scanner uses an area detector, of which the only
practical config_,_ration is the infrared image tube.. Two types of infrared image
tubes are curre:._iy available:

(i (1) The infrared Vidicon, which operates like a conventional
Vidicon, exce_.t for its region of spectral sensitivity.

_alt (2) The thermal image tube, in which an absorbing layer cond'tcts
incident thermal energy to a layer of thermistor material.
The impinging infrared image produces corresponding variations

I _ in the electrical resistance of the s_nsitive surface.

The irffrared Vidicon uses a photoconductive sensitive surface which

must be cooled in order to attain useful sensitivity. Currcnt developmental i,'.-frared Vldicons require cooling to _mperatures of 77°K or lower, and their

I ( spectral response_ are restricted to a few microns. Recent developments have

. produced a tube which has acceptable sensitivity at 150°K, but the frame storage
i characteristics are inadequate. Other work is being done to achieve spectral

response extending to 13 microns, but operating temperatures of 4.2¢K are re-
' quired.

"1

t I The thermal image tube, although it operate -_a'_ room ambient tem-
peratures and has a spectral response to 2¢ microns or more, presents other

.} problems, principally, sensitivity, response time, and resolution. To date,
{} temperature sensitivity of approximately 12°C Is the best obtained, although 4°C

sensitivity has been achieved in the laboratory with cooling applied to the tu_.
The response time of thermal tubes is characteristically much longer than

i l photoconductors, presenting the problem of long data acquisition times andimage smearing due to vehicle attitude uncertainty. Also, the best resol,_tion
obtainable is 250 to 300 TV lines (estimated) which cen provide ground resolu-

I} tion of 30 miles at best, with a full Earth field of view. 8ome independent work
is being done to develop thermal image tubes further, but it is doubtful if
significant breakthroughs can be expected in the near futuro.
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3. Resolution

The state of the art in object plane scanning devices is such that
no finer angu:ar resolution than approximately 1 milliradian can be achieved
under controlled conditions with useful sensitivity. In a practical system,

when various parameters, such as aperture effects, extraneous sources,
noise

and target recognition and interpretation are considered, the limiting resolution
appears tc more nearly approach 2 milliradians. For the SMS system, 2 milli-

_ radians corresponds to a ground resolution of approximately 45 miles. In an
_' object plane scanner this figure is invariant, regardless of the total field of view

angle.

Ir. _he image tube scanner, the considerations are somewhat different.
Here the resolution is determined by the number of elements (lines) that can be
resolved on the sensitive surface, and has a complex dependence on surface
granularity, uniformity, and thermal diffusion as well as on electron beam char-
acteristics and electron optics parameters. The best available infrared thermal
image tubes pro_lde resolution of approximately 250 to 300 lines, or about 30
miles ground resolution with fullEarth coverage. With the image plane scanning
system, the ground resolution can be improved by narrowing the total field of
view, since the number of resolution lines remains constant. If the field is
reduced from full Earth coverage to 1200 mile coverage, then the ground resolu-
tion becomes approximately 4.5 miles.

The resolution considerations for the optics of an infrared system
also have some influence on the physical size of the optics. The Rayleigh limit
criterion can restrict the minimum diameter of the optics. ThiB effect occurs
much sooner for the longer wavelengths. The equation for the Rayleigh limit
can be written in the form

= 47.25 x 10-6p (5-1)D

where (_ = instantarmous field of view in radians

-- wavelength of the radiation in microns
D = diameter of the optics in inches

The instantaneous field of view and it_ relation to the ground resolu-
tion at the nadir obeys the equation

L = _ h (5-2)

where L = resolution in miles
-- instantaneous field of view in radians

h = altitude in miles

The above equations have been constructed in Figure 5-3. In the e×-
ample given, a 2 mile resolution element would _equire 9 minimum optical dia- i
meter of 5 in. when the wavelength is 10 microns. For operation in the 8 to 14
micron window, the minimum diameter would be 7 In. The resolution in miles

.at the nadir is stated in Eq (5-2).
[

(
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i I] The spot size of the focal plane along the focal axis can be stated in the equation
! d =_ n (5-3)

_i where d = spot size in inches
i_ _ (_ = instantaneous field of view in radians

} fl = focal length in inches

i _ The above equations have been constructed in Figure 5-4. In the
example given, a 2 mile resolution element we,uld require an 11 in. focal length
for a detector spot size of 0. 001 in. The instantaneous field of view is 0.9 x 10 -4

II radian.

The combined use of Figures 5-3 and 5-4 reveals that for a 2 mile

ground re_olution, an infrared system operating in the 8 to 14 micron regionmust have a focal length of 11 in. for a 0.001 in. spot size, and the diameter
of the sys_m must be greater than 7 in. The f/number of the system is there-

I_ fore 1.57.
C. C LOUD IMAGING SYSTEM DESIGN FACTORS

i_! 1. Scop_e

This subsection presents the development of relationship_ significant

_ to the design of a_ infrared imaging system, and to the equation defining its detec-ting capability. The system is presumed to be borne in a synchronous satellite
at an orbit altitude of 22,240 miles. The physical characteristics of the system

Ii are taken as follows:
(1) Optics

Collector type, parabolic
mirror

• Field of view, 20 ° (0.35 radian)
• Focal ratio N = f/D = 1

(2) Detector

• Type, PLSe, thermoelectric cooling to 200°K

_ • Detectivity, D* = 5 x 107 cm-cps 1/2 watt -1
(3) Vehicle attitude rate, O. O1° per second (1.75 x 10 -4 radlan

per second).

ii _ The focal ratio, N, is the quotient of effective aperture diameter, D,
into the focal length, ft. Henc,, ithas the same meaning as the f/number used

'_ _ in photography as a measure of speed or light-gathering power. The normalized
detectivity, D*,is a figure of merit for the weakest signal detectible under the

:_ indicated test conditions.
.4

' _ A diasporameter type of scanner is used to cover the conical field-- of view. This type of scanner uses two optical wedges rotating at different
i speeds to deflect the opiical axis progressively in such a way as to generate a

! _ spiral scan pattern_ This spiral scan results in a circular frame, more efficient
, _ than.a square one f_. viewing a round object such as the Earth,4

:!
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Figure 5-3. 1_.ayleigbLimit Criterion
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U 2. Res olutlon___Elements, E

In the interest of simplicity, the number of resolution elements in
the scan frame is determined approximately. The approximat_on used will re-

suit in a somewhat conservative figure for overall system sensitivity, but ad-justments can be made ff desired. The scan field is assumed to be, generated
by a aumber of sl_irals C, and to have angular resolution of element s_e _.

The field is approximated by C concentric circles, each composed of the samenumber of resolution elements. The total number of resolution elements, E,
in the field is then:

E _ F F i _"
F2 106

_. 10 -3 _ C_. 10 -3 2 _ (5-4)

l whera F = field o_ view, radians ,,
= angular resolutior milHradians .<,,,

• _ The scan time per element is short enough so zhat vehicle motion
introduces negli_ble blur,

R-- 3. Scan Frame Tim.exS.S
The scan frame time is a function of the permissible geometric dis-

R tortioa in the picture that arises as a result of vehicle angular motion. The dis_tortion, d, is considered as the au_ular motion of the vehicle equivalent to 1/4
of a resolution element during a scan frame. The time required to scan a
frame is then:

d
s = -g-. 10"s = 4 . 0-3 (5-5)

where S = frame time, seconds.
d = distertion

_.= v_hicle angular rate, radiansper second

4. Data Ra_ Dt_

i2 -The scan field is assumed to be composed of a number E _lternstv
black and white resctution elements, representing two discrete levels of radi-

' F_ ation intensity; The rate _t which, data bits are scanned is

• U . DR - E
...- =__ - (5,4)

•U .-where ' DR'= data rate,bits_r s_cend -_

-.:_ For the al_/_rna_,- bls.ck ._ndWhi1_."patterni the_lament_ stnu_Oid_l
-_equericy ts-i/-? O_the_-da_-_'_t__ Whinhwll_ 1_ _ max_k_n• frequency t_neratcd

•" _ .... " ' '! 'f -.-i.,-.... .- , _.-...........,,..;..-: " _i ,,: - _ ".":-_ _ " ':
,,- _ . -_ .._-_: ..... -_t. -. _,: .......................... ____:_..:__,:._,_.__.:____._ _ ,__ ._ j . , " .... ,' ,;
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;!

i D_ (5-7) IBW =

f;

where BW = eleetrom_ bandwidth it. CPS
}

.; Substituting Eqs (5-4), (5-5), and (5-6), Eq (5-7) becomes:

BW = v 10 9 (5-8) {

I

6. Sp_ S_ca__nYraraez C"

. For complem coverage of the scan field, a spiral is required for
each resolution element along the radius of the field, F.

C = F ! - Y 103 (5-9)
2 " cx. 10 -3 2_ "

where C = number of spirals per frame

7. Scan Rotational Rate, o: S

To complete a scan frame, the total number of spirals per frame
must be generated during the frame time. The scan rotational rate is:

C
_s -- g (5-1o)

)

_ where o_ = scan rotational rate in RPS
•, S

-, SubstitutingEqs (5-5)and (5-9),Eq. (5-I0)becomes:

I I," 4¢_ 2FCav
= _-- v • 103 ,_ . 106 (5-11)'_ u)S 2 _ " 103 ¢X =

K

/_. Equation (5-11) defines the angular rate of the prism that determines the basicscan rate. The second prism, which generates the spiral pattern, must spin
at an angular rate of:

: 1+ (5-12)

:/-_- a. Optical Relattons hij__(

_:__:: A square detector element is considered here. For angular resolution,
_-'--_ _, and optical focal length, f, the dimen_lon of a detector located at the fo¢_l

;...,_.-. point of the optics is:

_i_'-:- a = f (z. 10 "3 (5-13) --

_ _'- -. _-_, ,.,,,. o , _' _ 5_-10
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I]
where a = detector side in centimeters

f = focal leng-tb in centimeters
= resolution in milliradians

The detector area, Ad, is then
2

Ad = a (5_14)
The area of the collecting mirror is:

"D2o
Ao- 4

_. and the focal ra*Ao, N, of the optics is:
f

Do

Therefore:

A° 4 N 2

From the geometry of the optics and the solid angle of the instantaneous field of
view,

A Ad

R2 - f-_- (5-Z6)

where A = area of instantaneous field of view

9,. S_£stem Sensitivity Relatfor_. ____8

One measure ofthesensitivityofa detectingsystem isitscapability
todis_nguishbetweentwo adjacentsourceso_differentradiantpowers. As a

! general approach, consider two sources at absolute temperatures Tt and T 2.
The difference zn radim_t power (A W) from the W,-osources is:

AW =A 1E l_T14 - A2E 2or T24 _5-17)

H
where A1 and A2 = source areas

E 1 and E2 = sou_:ce emissivities
T 1 and T2 = source temperatures

I _ = Siephan-Boltznmnnconstant
In an imaging_ystem, AI= A 2 = A = angularresolutionfield.'Itwillbe assumed
thattheaources_.reblackbodieswhez_eE£ = E 2 1. Then Eq (5-17)becomes:

U
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-- = _ - T (5-18)
A .

I If the temperatures T l and T 2 are very close to one another, Eq 1

._. (5-18) can be expressed in an approximate form more convenient for mani-pulation. Becausc

I W = _ TI 4 iA

l 'by differentiating: }

_"_ dW 3
_" A -4_ T 1 dt [

-_, and

4,_ A w T13,_; --- =4a AT I I
4;

_' Because the sources are extended area sources, the radiation flux density per

i!_. unit source area, according to Lambert's Law, is: i

_ 1 _ W 4 c_ T13 A T1

A l-
_ where P = flux density, watts per steradian per square centimeter r

_.- The solid angle subtended by the collecting mirror is Ao/R , where R is the
"+ distance to the source. The total power available at the detector is then:

or [

_i T13 14_ _ T 1 (Ao)

P = y . (A) (5-19)

If a value of minimum detectable power is defined for which P = NEP (noise

i equivalent power), then AT 1 becomes, by definition, the minimum detectable

temperature difference, NET (noise equivalent temperature), and: [

4 _ TI3 A° A [
_ NEP = (NE T) _;R2

or

_r R2 I

NET = (NEP) 4 AoA ¢; T_ 3 (5-20)

" 1The detector figure of merit D* is defined as;

5-12 I,
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| NEP

Substitutingin Eq (5-20)gives:

_ A d[J BW _z
" NET =..... .

i By making substitutions from Eqs (5-8), (5-13), (5-14), (5-15), and (5-16),

"I [i and introducing an optical transmission efficiency facfor,., _h.n:
i " NET= 1.96N2 _v. 107

• ,__._er substitutionofDr*= 5 x 107 (cm-_cpsI/2- wat_-I)and(7=
[! 5.67 x 10-1 (watt-cm -2 - degree -4) yields:
tJ

f} =69.2 109 (5-22)
• : f(2 T13 _,

l for this specific application it will be considered that _v' N, and T 1 are invariant
i and:

I._ _/ = 0.5: oc = I, 75 x 10-4 radian per second
t! v

N = 1

T 1 = 250°K

[} Therefore:

I i 117 (5-23)_ NET=

! I To express this relationship as a function of linear resolution at the

"i J Earth's surface, the substitution r = 22.24 _ is made:

J r = ground resolution in miles

[! a = _ar resolution in milliradians

273 (5-24)

[] NET= r--K-

II

' 5-18
!

1964007783-183



f

10. S_ystem Performaaoe

_. Equ_t2on (5-23) expresses the dependence of system se:_sitivity on factors
, that are generally a function of the mission and the characteristics of the vehicle.

Imaging systems characteristically require fine resolut2cn and low distortion, both
of which influence NET in an adverse direction. In gensral, the requirement for
fine resolution is of greater importance because a mildly distorted image could be

; interpreted, whereas one with insufficient detail is of no value_ (For which reason
i considerable caution must be exercised when specifying the resolution requirement

of a system_ ) Variation of the focal length presents a means of partial compensation
for sensitivity reduction due to improvement of resolution. In the system under con-
sideratton, au increase in focal length causes a corresponding _crease in the dia-
meter of the collecting optics because of -the fixed focal ratio. If increased size of

_ the optics is no prob!em, then this alternative could be used within the limits of
- • attendant secondary effects, such as optical fabrication problems and structural•

effects in rotating members, in cases where a larger optical diameter is imprac-
tical, focal length cannot be increased because the focal rai2o, N, will increase,

_ resulting in disproportionately lower optical gain and a net loss in sensitivity, as
_ shown in Eq 5-22.

_ Figures 5-5 and 5-6 shaw the effect _n NET of varying the parameters
§ of Eq (5-24). Figure 5-7 shows how the scanning prism rotational speed is affected

by choice of system resolution. (.A2so refer toEq (5-1t).)This factor should not
be ignored in a system design because the relational rates could be severely limited
by structural problems, mechanical wear, and vibration.t'
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_I D. CONTIL%ST AND ATMOSPHERIC EFFECTS

_ The required NET for an imaging system is determined principally by the con-
_ trast characte_ls_ics of the object field. For example, in a reconnaissance or

mapping system, the average contrast between adjacent terrain features i_ iow0
requiring a system NET of considerably less than 1"C for useful data. In a cloud

_ against Earth ima_in_ system, however, higher contrast generally exists between
_ subject anti background, permitting a less stringent requirement on NET. Clouds
'_: vast in temperature from as low as 210_ to 290_, and the occurrence of cloud to

._ Earth contrast of less than 1 or 2° would be rare. This means that a system having
a NET of approximately 2°C would see the cloud patterns most of the time, with oc-

_ casional lapses into blindness when lo_v contrast occurs.

.P
Another aspect of the contrast problem arises as a result of atmospheric

absorption and scattering of the radiant energy, an area in which little data are
• _ available with reference to transmlssion through vertical paths into space_ Certainly,
_ some degree of contrast loss is to be expected, but most clouds generally exist at

altitudes sufficiently high to avoid the most significant portion of absorption in the
'_ :ow altitude, higher density region of the atmosphere. The phenomenon of particulate

scattering exhibits dependence both on particle size and on particle density. Again,
there is a rapid decrease in scattering with height above the Earth's surface, due

_ to the decreasing particle size and density. The distribution of particle size isusually such that there is less scat_ring at the longer wavelengths, and scattering
attenuation is less pronounced in the middle and far infrared regions than it is in the

near infrared, where _l_ain it is less than in the visible wavelengths_ Another factorthat works to advantage is that in many cases the cloud tops are associated with, but

physically above, a temperature inversion which tends to limit the majority of the_ particulate matter to the atmosphere below the inversion.

_ Scattering is not the only type of atmospheric attenuation. In addition, there
are selective absorption effects involved. These effects depend on, and vary with,

ii_ the constituents of the atmosphere. , The water content of the atmosphere introduceslargevariations.

_ Considering all of _ese factors, it _s to be expected that the atmosphere _ill
reduce the apparent contrast among objects at the surface of _e Earth, but that it
will enhance the contra_t of clouds against Earth background because of the altitude
difference and associated discrimination against radiations from the Earthts surface,
in particular against the shorter wavelengths that go with higher temperatures.

The atmospheric filtering effects for the SMS csn be expected to be sul-_.-
st_nttally the _ame as those for any other satellite. Hence, it will be usefut to
review the experience and data available from Tiros, Nimbus, and other satellite
programs.

Positive quantitative conclusions cannot be made now concerning the extent
of atmospheric attenuation. In an imaging system design, some factor must be
included te aceotmt for attenuation, but, at the present time, it can only be esti-

r mated on the basis of comprehensive st_,dies of the phenomena involved. In the
: system sensi_vity analysis presented here_ a transmission efficiency factor, _},

5-16

1964007783-186



IJ

I t of 50% was used for calculation purposes. Th_ factor was not intended to include
, atmospheric atteauation, but was meant rather to portray _ conservative estimate,

ofoptical efficiency. In a firmsystem design, theestimated atmospheric attenuation

factor must be incorporated aa a separate factor.
E. OPTICA L MATERIALS

The optical transmission factor, _, which was arbitrarily set _t 50%, is pri-
_l marily a function of the materials used for the rotating prisms and the dete_tor

window. A commonly used infrared-transmittin_ material, which is available in

sizes to 18 in. diameter and which has good stable mechanical cbaracteristicB, isarsenic trisulphide, As2S 3. The sl_octral transmission of arsenic trtsulphide ex-
tends from 1 micron to 12.5 microns, which is more than adequate for a PbSe de-

[i teeter. A disadvantage of this material is lt_ attanuation, which permits only 80%of the energy to pass (in typical thictm¢_es), causing a net attenuation to 64% when
two prism elements are casc_ied. A fu: .'.her optical lo_s is sustained through the
detector window, where sapphire, which has a transmisBion efficiency of 90%, but

_] a spectral range extending only to 5 microns, be used. With a sapphire de-
should

teeter window, the net optical attenuation, including 4% for primary mirror reflection
loss, woul_l reduce the transmission to 58%. A definite improvement in this figure

i could be achieved by using sapphire throughout, if it were available in the requiredJ configuration. In this event, the net transmission would be about 70%.

i In either case, a further loss would be sustained if a protective window wererequired in front of the optics. It is felt, however, that after consideration of the
environment of the system, a design could be evolved that would eliminate the need
for such a window.

F. DYNAMIC KAI_IGE

_ An important design conslderatior_ for an imaging system is the dynamic range1 of _ _ signal to which the detector is exposed. During most of its operation in the
• SMS, the ecluipme._t will view areas of darkness, daylight, and sometime_ the Sun

[t itself. This requires particular design consideration to prevent overloading thedetector and/or elec'.ronic system. Also, immediately before and aftsr the short
period of total darkness, during which time the equipment has its greatest utility,
it could be exposed to direct radiation from the Sun, which could damage the detect-

I i element permanently. Protection of the detector direct solar incidence
ing against

can be solved by automatically (or permanently) interposing a germanium shutter;
this will attenuate about 9_.%of the solar-spectrum energy while passing about 40%

I ! of the infrared energy, The problem of the large range of signals resulting from
I i th_ Earth's brightness range must be studied carefully before a solution can be post-

umted. If overloading cf the system occurs as a result of insufficient range in the.,

[_ electronics, measures such as signal limiting and signal compressiou could beJ taken. If the overloading occurs in the detector, the proLlem is more serious,
requiring further study in the areas of detector materials and the possible use of
variable optical filters.

LI
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• [_ A. GENERAL
l!

Dtlringthecourseofthestudy,itwas possibletoisolatea number ofslA'nifi-
cantproblem areas relatingtothemeteorologicalsensors.Many oftheseare con-
sidered in this section. Wherever po_s;b!e, recommendations and suggestions for

| possible solutions are included.
4

'J_ B. STANDARDIZATION OF NOMENCLATURE AND MEASUREMENTS

During the sensor survey portion of the program, a number of potential

i_ cloud cover and heat budget measuring devices were s_died, and _ substantial.. amount of measured data was accumulated on the performance of these sensorP
It soon became clear that considerable variation exists in defining performance

. _ parameters, and in measuring such quan+_ttes. In the _sual cloud cover-TV
! imaging device area._ roY'e.-:ample, tube resolution is often expre_ _ud in TV lines

I I i per picture height, TV lines per target diagonal, TV lines per horizonta_ /.c -
ture width, as well as the ambiguous term, "TV lines." Ot>er examples f ambi-

• [i guity exist, both in the visual and infrared areas.
El

In addition to th_ problem of nomenclature, a']ery real difficulty arises in

} attempting to compare _ta on similar sensors. In TV imaging s_ms, forexample, data on resolmion performance under conditio_ of varying integration
times and scan rates is scanty at best (as described below in subsection C) and
thoroughly nonstandard in content. Thus, some expe __.menters have determined

" integration and slow scan effects by, displaylngthe video information on the soreeni of a monitor, utilizing the observer's eye with it8 inherent 0.2 second effective
integration time: to determine resolution. Other expellmenters, in an attempt

i' to circmnvent the s_reen-eye combination, have resorted to photographing thei monitor screen. Often, where the scene is s_ationary, several exposures are made
and the integration property of the film is utilized. The net result _l" these effcr_
hs_ been to accumulate data which is not necessarily com,r.arable; however in ma_y

I] instances these _xperimental procedures were aimed at r_derstsnding the mechanismsinvolved, rather than gathering dat - Even under standard commercial operation,
measurement procedures have not been completely standardized. While _rlde use

Ii! is mad_ of the RETMA square-wave response resolution charts in determining tubeperformance, a number of companies are now utilizing sine-wave response charts
in their measurements.

) , It appears that there are both short an_ long range solution_ t_ these prob-

] lems. The immediate solution is for each system engineer, working with publisheddata, to ezercise great caution in using these data lnsystemdesignandana!ysis. Where

"i II data units are not clearly indicated ( as in the case of resolution stated in "TV lines",or where required Infor _ ,_tion is not readily avail_bte ( as, for example, in the case
of resolution data on Vidlcons ) the sensor manufacturer should be contacted and

! [] questioned _t length on these matters befo, e such data are used.

As a long range effort, the appropriate technical group ( RETMA, _r perhaps

It

,, thv IEEE in the case of TV imaging systems, and IRIS in the infrared fiel, ) zh_u!,_

, II
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attempt to standardize both nomenclature and measurement procedures, and bring
pressure to bear for the adoption of these standards throughout the industry. While
some success has already been achieved in this area, considerably more work re-
mains to be done.

C. "UNAVAILABLE TUBE DATA

While substantialamounts of data exisgon the performance of TV imaging

sensors operated at s_mdard commercial TV rates ( where frame integration and
scanning times each equal 1/30 second ) virtually uo data exist on longer integration
times and slow scan systems. Much of the data that does exist on Image Orthicons
operated under these slow scan conditions appear in Section 3. subsection C. 6.
About the only commercially available data on Vidicons operated in this fashion
appear in data sheets on slow scan tubes.

The above problems are emphasized in Section 3, subsection F, wL_re a
system analysis is presented of the visual spectral region cloud cover sensor
systems. Based on Republic's estimates and evaluation of what little data exist, it
was assumed that increasing frame (scan) time from 1/30 second to 10 seconds=

_ would improve sensitivity by a factor of ten for a continuously imaged system; i. e.,
_ only 1/10 as much illumination would be required for the same resolution. In addi-

tion, the slow scan readout would result in a resolution improvement of approximately
i, 50%. _ince the stabilization requirements of the 3-axis stabilized satellite yielded
!. a maximum tolerable scene exposure time of 1 second, an increase of perhaps ten
i_ times in illumination is required over that needed for a 10 second exposure. Thus,
' the net effect of going to a 1 second exposure and 10 seconds franle time, as com-

pares to the 1/30 second frame time _ontinuous exposure case. is identical sensi-
tivity with a 50?0 improvement in resolution. These data are presented in Figure 3-48.

The basic need however, is for detailed data on the effects described above.

i Estimates, such as the ones made in the preceding paragraphs, as well as theoreti-
cal treatments, such as those given in Section 3, subsection C. 5, are satisfactory

for establishing general trends, but certainly they do not provide a substantial basis
!_ on which to design and predict the performance of specific systems. The 1Rck of

definitive data on nonstandard operation of the_e tubes is understandable. Until re-
i_ cently, there was little interest in, or need to operate such devices in modes other
_ than those required _br normal commercial broadcasting. Recent requirements,

i_ arising from astrono_ical, military, and satellite needs, have changed the sttua-
_ tion somewhat in the past few years. Even today, with tube manufacturers empha-
!_ sizing the commercial aspects of TV imaging systems, there is comparatively
_ little impetus for these companies to gather such dam. In general, the problem has

been placed with the camera chain developers to obtain such information for their
own particular applications, and they, along with the sensor manufacturers and

• the ultimate users of such systems, are beginning to generate the required informa-
tion.

Performance data ca Image Orthicons and Vidicons is especially needed with
regard to resolution, signal to noise ratio, aperture response as a function of slow
multiple and single scan operation, and integration in the storage section. Data on
other tubes ( Ebicons, Isocons, SEC Vidlcons, etc.) are also critically needed.
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i
ating parameters is sometimes a diffioult process. For this reason, the develop-
ment of specific equipment to accomplish these ends is a vital necessity. The most

_! advanced equipment of this nature was recently described in a requirement establisb_d
by the NASA Aeronomy and Meteorology Division at Goddard_ Basically, the instru-
ment is a universal tube tester, capable of exer_:tsing a variety of TV imaging tubes
through a rmlge of illuminatio_ |e'_els_ e_xposure (Lntegration) times, and rcadout

I _l times. With this device, it will be possible to generate data needed to predict the
actual performance of potential systems under a wide range of operating conditions.

_ Also, this data will L_ standardized, fully comparable ( from tube to tube _ and

obtairable in a much shorter time than has previously been possible. Republic con-siders it vital that this type of program be encouraged. It appears to offer the most

feasible and direct means yet proposed for bringing order out of chaos in the tubedata field, and removing one of the most seriou_ impediments currently existing
in the development of special purpose TV imaging systems. Also, the availability
of such a device will most certainly stimulate independent researchers, as well as

] sensor manufacturers, to a more complete understanding of the mechanisms in-volved in tube operation; and for this reason alone, the development of this equip-

merit is than jllstified.
more

[ i-] D. IM AGE ORTHICONS FOR SPACE APPLICATIONS

l The use of Image Orthicons in the cloud cover sensor system for the SMS

J program introduces two types of problems which warrant consideration. The first
problem relates to optimizing the use of such sensors in a feasible, operational
system, and points to the unique advantages which accrue to a stationary satellite

I i system, when a ground based observer is incorporated into the control loop. Thesecond problem stems from the general requirement of operating a sensitive elec-
tronic device in a space environment, and involves the potevtial problem,_ which

I ] arise therefrom, and the degree of automation needed to assure adequate system
! i performance with high reliability during an o_bital lifetime of one year. These prob-

lem areas are discussed in greater detail in the following paragraphs.

I InanalyzingsensorsystemsfortheSMS, itiscomparativelysimpletoindi-catetheproblems generatedby thesatelliteparameters.The formidablestabiliza-
tionrequirementsand relativelylargeopticalsystem bothariseprimarilyfrom the

[] necessity for achieving adequate resolution for meaningful meteorological observa-
li tion from an extreme zltitude. One point sometimes missed is that the very character-

istics which render adequate resolution difficult to obtain also serve to yield unique

I i benefits which are not to be found in other meteorological satellites. Since the SMSalways remains essentially fixed over an equatorial ground point, and is always in
J sight of the command and control station in North America, a good _pportunity exists

to factor a ground based observer into the picture taking sequence. This presents a
[] distinct advantage over the Tiros and Nimbus satellites, which remain within sight
I! of their command stations for a comparatively short portion of any given orbit. The

near-real time transmission of sensor d" _ from the SMS should enable an observer
atthecommand stationtoexamine each i_ne ofaloudcoverphotography,determine
thequalityoftheresultingpicture,decideon whichcamera chainparameterstovary
toImprove and optimizethephotograph,and transmittheappropria*.ecommands to
thesate11Resensorsystem. The requirement,then,isthatthenecessaryadjustment
capability be built into the satellite camera system.

6-3
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• S_ce _.ome __er ad|tmtment c_it_ Z must be provided, it is of interest
to a_.ternzine "wht0h_te_-S are involved. The J[mage Orthtcon represent_ an ex-

_ cellent lenso to con_ider, since ira range, s,ensitivity, and complexity of adjustmentfar oxaced t_ _,of the Wdtcon: Novert_IeSs, th_ b_lc concept of ground-controlled
_ adjustment ah_o _ppltes equally well to tl_ Vldioon sensor.

• _ _ e_e of a_ 'h_e _¢on camera timid, it wo_Ad appear that beam

staticof" maj_etlo), eleCtroni_ zooms( i_ the case of the GE 2 In. electrostatic
Orthlcon )_ target volta_,.image seetion _celeratJng voltage_ video AGC, and band-
width r011off:adJus_nent_ as well ss numerous other parameters could profitably be
adjust_ to optim_e system performance. Also, perhaps integration (exposure) time
_nd regzl_u_ (scan) time could be v_ried. H many or all of these adjustments are t_
b_ ma_ _ the ground, the means for vary/ng these parameters must be built
into the camera chain itself; i.e°, potentlometers, switches, variable voltage

=_ supS/S_ _tC., must al] be incorporated into the satellite-borne system. If _ is
the case, _ addition of appropriate diaguostio sensors and control circuits would

/ • .e_ble automatic, internal adJushuent of these param_ter_ withou_ the n_ed for the
_ link. The extent to which the system should be self-adjusting, as opposed to

_ ad_._ upon W_ound command, is rather difficult to determine at this point, and
requil_ add/flonal study. It seems clear that the degree of automat_ SeH-ad_
ment needed would be less than iu a Nhnbgs-type camera, because of the near-real
time data tranen_ssi_ and the presence of the observer in the control loop. On the
other hand, a _umber of these function_ could quite probably be better handled ff

• in_ern_Jly adjusted, particu_xly those relating to automatic _t_n and Sun pro-
tecfl_n.

_in summary, it appears that many _ -_tlons _hou_d be made self-adjustln_,
v _h virtually all of them capable_of commc _dadjustment, with _round override
Where requf_d. Such a system would provide msxim_un fle_iblltty with improved
reliability, and Is apt to be les_ co_nplex than a fully auu>m_,ted internally adjustable
system, which would lmve to ca_,-ry addIt_onal parameter _ariation sensors and

. more 9omplloated servo and drive ctr_it_.

An _lditio_l adva_tsge of Incorporating the man Into the control loop is - _ -
that problems Of tube aging should be simplified. Tube sging would tend to produce
performance degradaticn which wot.,ld be viva.fly impossible to _ompeusate for
in.an iatern_y-aOJu_d _ystem. Aging prcee_ are not fully under_tood, and
hence are not easily p_ _ctable. l_aytronics, which _ developing a camera for the
Nimb_ program uti_z/ng the RCA 2 in. malefic Image Orthicon, hu the intention

•_of tuvestigating this phenomenon in considerable detail during a later phar_ of their
pgo_e_m, It seems quite reasonable to assume that a ground based obsez_er could
override intern_ adjustment co_trols, and extract optimum performance f_om an

• a_in_._b_ w/th ct_Mderable success. _ __

• _ For dia_m)stic _poses, it seemsdesirable to include a resolution test
_aggem Of some sort i_ the camera sy_tem_ Hefe_encod _e_odically, such an

_-internal calibration system would be e_able of dete_an_nin_ camera chain per-

i_t fOrmen_e, andwould p_vlde so z_e separate means for determining the pe_._orm-a_oo of the opflc_] Systen_ In addition; this calibration source wou_cl_nable the •

groun d observer to better assess camera_y0tem performance, _md _p_i_izo the

syst_ paran_re_ more z,ap!dly an_effiC_ently/Finally_such a_Souz'c.e_might weU
" - p_ovtde, the onl_ de ._._tiVe means for de_rmintng tube aging effects; I_ is re_om- •

men_kd that such a _yste m be seriously considered f0r inclusion in the final camera
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• _ While there is some bases for doubt that a 1 yea_ operational lffetim_ _ill
be successfully achieved wi_h a fully automated camera system incorporatt_ _

, _ Image Orthlcon, tt seems clear that the chance of reali_hlg this goal will l_ mate-

U rlally improved in the SMS system through the use of a human obeex_er and a
,; commsnd _tmsnt capabfli_. Therefore, it is concluded that the use of a man

in the control loop will materially enhance the flexibility, and reliability of the cloud

H cover sensor system, To the extent to which the man is utilized, the resulting _iSsystem should be an improvement over the day-night Nimbus-type camera system.

E. LIGHTWEIGHT OPTICS
Investigations of optical areas have indics_d a stguificant variation in optical

H sy_etem weights, dependl_ upon the type of materials employed for the housingandmirror systeme. The weight penalty for indis_riminate selection of optical _ystems
-_ is readily apparant for the low and medium capability satellites. Discussions with

epical designers and organ_tions show divergent view_ in materIais selection

N based in great part manufacturing skills. The resull_g optical system weights
upon

consequently evidence a weight varia_on be,tween comparable systemo.

Optical man_a_tu_ug i_'_h_ques for beryllium mirrors are presently beiflginvestigated by industry and should be expanded to cover using beryllium for s_,ructures
as well. Admittedly, this mater_ is toxic and requires that special precautions be

taken during processing for the Ir_tec_on of theoptician. _ryllium afford_ thepromise of subst_utial redaction of opttcsl system weight because of its light weight,
as compared to quartz or aluminum tn mirror cons_,ruction, and aluminum and Invar
for structural comgoaents. In overall co_nsiderations the thezm_ stability ot_beryIlium

• _ does not compare unfavorably with that of heavier optical materials.

F. VARIABLE OCCU LTATI_ON _

[ Scone brightness Variations within the field of view of the visible light sensor_ .
, _ in mo_t instances exceed the dynamic range capabilities of the sensor tubes.

Attenua_on of the ground scen_ illumination i_ldent _.'_the sensor photoc_thode torl

II within the Ip.-_regt capabilities of _he sensor tube can be a_ompllshed (ss pre_'i_usly
described _n Section 3, subsec_on E) through t_ u_e of filter wheels and o_er s_clal

' techniques. Thee techniques are effective hi that the sensor tube i_ opt/mized for'
_ a given photocath_d_ high light illumination level within the dynamic range of the se_or.

Consequently, low light level r_gions within a particular scene are compromised ff the
, ratio b_twe_n high and low illumination level_ exceed, the s_nsor's capabilities. This

i _ ratio n_ay range from 30:1 to perha_ 100:l,_(attlle very bes_ it may approach 200: I) •
deperaitn_ ui_n_ the sensor tube. This mea_e that fox a wide r_-_ge of illumination wit_dn _'LI
_ _cene a decialonmust be made as tothebri_htneu levelatwhicht_optin_z_tb'_ " ,

"r, _ensor. : :-
[]

Two sensor oha_acterlsfins _'_st be considered: inherent dynamic _ and ,
ab_o_h_tesenattl_ty. For a full. E_h disc sensor such as the Vidi¢o_ Wli_h z_ay _ .....
view _,ttremes of fnum_natfon withf.n .a_insle picture, the problems ofobtatnl_ ma_-

I

: mum &_t.are snore severeth_ withanarrow coverage 1.0. sen_or _eb ol_y _,z- _ :_
perteac_s e_essive •ieene variationin a frame eneempus/ng the ¢_ay;_ght te_fna_r,,
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An approach, a_ yet unimplemented, has been considered whereby a sensor's
dynamic range and sensitivity may be utilized to the fullest extent. This approach
would employ a variable occulting mask which would permit a s_ffes of optimum
exposures over discrete portions of the sensor's field of view withl_ the limits of
attainable _be sensitivity and resolution. The occulting mask would be positioned

so that the high light portions of the scene are in effect removed from the sensor's
• field of view, thereby allo_qng an _cposure to be made (at optimum e_nditions) of

i the remaining portions of the pictace. Through a series of such dissecting exposures,

governed by sensor characteristics, the maximum capabilities of the sensor could
be realized. The resulting composite of max_tzed scene sections could be. recon-
structed by the ground station recording equipment (if the sensor is capable of storing

i a series of exposures) without adjacent area blooming, and a single composite pic-

ture co_d also be transmitted to Earth.

i Admittedly, such a device would require development for reliable operation

in space as well as ground or pre-programmed control for mask positioning. The
benefits derived, however, appear to warrant further investigation and possible de-
velopment for application to the SMS program.

G. AUTOMATIC SUN PRC_I'ECTION

Protection of all of the tueteorological sensors from direct exposure to the
Sun is mandatory if a reliable one year orbital life_me is to be attained.

Sensitive devices such as _e Image Orthicon are almost instantaneously
destroyed by direct Su_ exposure. Vidicons, infrared sensors, and photomul_tplier
tubes may suffer damage ranging from partial disability to total destruction depend-
ing on the length of exposure.

Protection can be provided in the form of occluding shutters or variable field
stops,triggeredby s signalfrom a Sun proximitysensoz.Additionally,sincethe
Sun positionin relationtothesatellitecan be predetermined,thefieldofview could
be restrictedby limitstopson sensoraimingmirror excursions,as weU as shutdown
ofsensorsduringthoseperiodswhen interceptionoftheSun image ispossible.

AlthoughpracticalSun protectioncanbe attainedthroughtheuse ofvarious
auxiliarydevicesand sensorprogramming, thereare a_sociatedpenaltiesofaddi_-
tionalcomplexlty,weight,and o[,_rationalrestrictions.Suchpenaltiescouldbe
e_ted ifan automatic,_elf-attenuating,Sun protectorwere avallable.An auto-
marc system must possess the inherent capability of instantaneously altering its
Light transmission characteris,_ics from 100% to some value near 0.01% (neutral
density 4.0), together with a rapid recovery to 100% once the Sun's stimulus is
removed.

Photochromic dyes offer excellent possibilities for automatic occultation of
the b_m's image. Since these dyes are activated by the Sun's ultraviolet compenent:
and react in proportion to the intensity, the only addition to a sensor system would
be the dye coating and a possible sub,irate. Significant program_ are currently
underway for protecting hur_s_neyes and Vidicon tubes from damage by &to_c
explosion flashes. Near instrnl_meous reaction and high densities are also required
for this application.
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J Organizationssuch as NationalCash P_gisterof DaytonOhio;Polacoatof
Cincinnati_Ohlo;and Marx PolarizerCorp. of Queens,New York areengagedin

H the development of photochromic dyes of various types and characteristics.
Both study program time constraints and security restrictions have pre-

vented a detailed investigation of photochromic; dyes for automatic Sun protection.
However, based on the limited data available to Republic, reaction times of 20 _,,_.
30 microseconds with densities of 4.0 o_ _tt_r, and recovery or reversal time_

[__ of milliseconds appear to be feasible. A recommendation is therefore m_de thatthis _rea be investigated for possible applicatJ°on to _b SMS.

In addition to the efforts discussed above, some consideration has also been

given to the extent to which operational restrictions might arise if Sun protectionvia sensor shutdown were instituted.
b

The following paragraphs apply to _lde field sensors which are designed toproduce cloud pictures or heat budget data covering, in one frame, the full disk of
the Earth, to and beyond the horizon.

[] For sensors of this type, the problem,s of Sun protection arise only on certain
[ : day_ _efore and after each equinox, and on these days for only brief periods b_fore

and -after local midnight at the sa_llite subpotnt. Within these same time periods,

there appear al_o the related problems of loss of solar power because of passageof the SMS through the shadow of the Earth. For larger types of SMS vehicles,
(700 to 1000 lb weight class) it is feasible to fJtore enough energy for operation of

sensors during periods of eclipse. For lighter satellites the penalties become moreserious. For all weight classes, additional s_orage of energy deserves considera-
tion only to the extent that avall_le sensors ,can produce useful and needed data
under midnight L_]umination conditions.

The simplest answer for the power problem is to lock the meteoro._ogical
sensors and d_a transmitters in an "of_' or "standby" condition during passage

' ' through the shadow. The simplest answer to the Su_ protection problem is to keep
i I the sensor optics closed whenever their fields of view would includo the Sun.J

A brief investigation was conducted to determine how much and what fractions
of observation time would be lost by these operating procedures. The pi_ncipal re-

'_ sults are shown in Figure e-1.

The inner curve for umbra o_y, is ttte s_ne as Figure 4-1 in Volume 5.
The curve for umb_ plus penumbra was derived by addition of the two cur_es of
that figure. The outer curve was constructed by adding the time Just before and

I t just after the shadow period, during which the Sun would be in view of sensors with
_ I a field of view defined by a cone of 20° total _mgle. This value was chosen to pro-

vide a 1.5 _ margin on each side of the 17° subtended by the Earth's disk from the

_ SMS. Such a margin mightbe requiredby errorsinattitudesensors.The outsidei rectangular "curve" of Figure 6-1 shows the corresponding loss of observation time
for a square field of view of 20". ._
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The prtncipai conclusions regarding the power problem and the Sun pro-

tection problem are as follows:

(1) Both problems occur only In association with the equinoxes,
and only close to local midnight.

(2) For 253 days, or 70% of the days of the year, neither problemarises.
Pz

(3) For the remaining 112 days, or 30% of the year, the daily loss

_ of observation time never exceeds 87 minutes or 6% of each day.

_ (4) For a 20 ° square field, the daily loss remains constant over
_'_ the 112 days. This corresponds to a loss of less than 2% of the

_;. possible observation time over one year.
_ (5) With a circular 20° field, losses due _ both problems exceed
__ " 60 minutes per day, or 4% on only 80 days (22%) of the year.

(6) The relatively small losses of observation time do not seem to
-:_ justify acceptance of substantial weight or complexity penalties

._ to provide power for meteorological sensors and data transmitters
_ during the shadow period, or to mask out the Sun just before and
._ after these periods.

•_ FIELD "_ 7C ,5 ,-/ .UMBflA PLUS
_ IBOTh 2,"_ PENUMBRA

_'_:: n. 0__

-_0 -20 0 I0 20 _0
DAYSFROM E=THEREQUINOX

Figure 6-1. Losses of SMS Observation Time
Due to Sun and Shadow
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[j H, IMAGE DISSECTOI_S FOR SPACE APPI_CATION8

_ The problem of achieving full Earth disc coverage tm one picture could be
_] solved if a sensor were available that was capable of high resolution, wide dyn-

amic range, and high sensitivity. Although such a sensor doesn't exist, the
Image Dissector meets the requirements of v_de dynamic range (three to six

orders of magnitude) and high resolution (3000 lines). Unforamately, this tube
l_ has no storage capabili_, and therefore, its sensitivity is mueL lower than the

Image Orthieon and the Vidicon. Two potential botutions exist: one is to employ

long exposure times, the other is to incorporate a storage capability in the tube.
The first solution imposes hardships on the attitude stabilization control

system. This manifests itself not as image smear (as would be the case for a
[1 sensor incorporating storage) but as displacements of large areas, correspond-
I1 tng to geometric distortion. The second approach, that of incorporating storage

capability Lato the Image Dissector, _ould enable the SMS to obtain high resolution
!] cloud images simultaneously for day and night illumination conditions. Because

of the potential advantages, it seems reasonable that future efforts in the meteoro-
logical sensor subsystem include investigations of these possibilities.

"i f_

If
El

t.i
il

1964007783-197




